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 The objective of this research was to conduct a technical assessment of the 
engineering properties of cross-laminated timber (CLT) made from local Northeastern 
lumber, laminated strand lumber (LSL) and mixtures of the two. The technical 
assessment provided the bending and shear strength and stiffnesses values for select CLT 
configurations, which were used to determine the feasibility of using local Northeastern 
lumber and LSL in CLT. Experimental lay-up designs were created for six three-layer 
CLT configurations using Spruce-Pine-Fir (South) (SPFs) No.2 and better and 1.35E 
LSL. Preliminary shear block tests were run to determine the optimal spread rate, and a 
board characterization was conducted by dynamic E-rating the materials to determine 
their modulus of elasticities. Seven 105 mm x 1.3 m x 2.45 m panels, five in the major 
strength direction and two in the minor, per CLT lay-up configuration were then 
manufactured by hand with a polyurethane adhesive.  
 
  
 
 Specimens cut from major and minor strength direction panels for each lay-up 
were tested in four-point quasi static bending and short span three-point bending. From 
the four-point bend tests, the average maximum bending stress, elastic stiffness and shear 
stiffness were determined for each lay-up for both strength directions. From the short 
span three-point bend tests, the average maximum shear stresses for four selected lay-ups 
in the major strength direction were determined.  
 From the testing results, LSL was concluded to be the stronger material in 
perpendicular-to-grain shear and SPFs to be the stronger material in bending when used 
in three-layer CLT. By using LSL in the core with SPFs in the faces, the maximum 
bending stress was increased by 23% compared to when SPFs was used. The use of LSL 
sheets in CLT produced higher elastic stiffness results in both strength directions in 
comparison to LSL boards. The lay-ups containing SPFs in the faces with either SPFs or 
LSL in the core were found to exceed the design requirements of the top, E1, CLT grade. 
Each of the six three-layer CLT configurations consisting of SPFs, LSL and 
combinations of the two investigated produced bending and shear stiffnesses in the major 
strength direction and bending stiffnesses in the minor strength direction exceeding those 
of the CLT design grades. Therefore it was concluded that both SPFs and LSL are 
feasible materials for use in CLT.  
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CHAPTER 1 
INTRODUCTION 
1.1. Background 
 The University of Maine’s Advanced Structures and Composites Center (ASCC) 
and the U.S. Department of Agriculture (USDA) have partnered to conduct a technical 
assessment of cross-laminated timber (CLT) consisting of lumber from Northeastern U.S. 
forests. CLT is a wood composite that was developed in Switzerland in the early 1990’s 
and has been popular in Europe since the 2000’s (Cespell & Gagnon, 2010). CLT is a 
mass timber product that typically consists of three to nine layers of dimensional lumber 
laid and glued flatwise with perpendicular adjacent layers to form a structural wood 
panel. CLT can be used in wall, floor or roof systems in residential or mid-to-high rise 
construction and can be used in conjunction with concrete or steel structural members. 
The advantages of CLT are that its main component, wood, is a renewable resource 
which can be a more environmentally friendly construction material than steel or 
concrete. Demand for CLT is now growing in North America. Canada currently has two 
CLT manufactures, NordicLam in Chibougamau, QC and StructurLam in Penticton, BC, 
and the U.S. now has two CLT manufacturer as well that are new to the market, D.R. 
Johnson in Riddle, OR and SmartLam in Whitefish, MT.  
 The overall goal of this research is to assess the engineering properties of CLT 
fabricated from Northeastern U.S. wood species, which could support the development of 
a CLT manufacturer in Northeastern U.S. The technical assessment will provide bending 
and shear strength and stiffnesses values for select CLT configurations, which will be 
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used to determine the feasibility of using local Northeastern lumber and LSL in CLT. 
Specifically, this project research includes the design, manufacture and structural testing 
of CLT made of six different configurations of local Spruce-Pine-Fir (South) (SPFs) and 
laminated strand lumber (LSL) for both the major and minor strength directions. The use 
of these materials both individually and in conjunction in CLT has not been investigated 
before. However, research by FPInnovations on the combination of LSL and Black 
Spruce in CLT was underway at the commencement of the research reported in this thesis 
(J. Grandmont, personal communication, August 11, 2014). The results of testing will 
allow the assessment of whether local lumber from the Northeastern U.S. is sufficient for 
use in CLT, which in turn would add value to this resource. In addition, testing will 
evaluate the benefits of using structural composite lumber (SCL), specifically LSL, in 
CLT. LSL, an engineered wood product, may increase the strength of the CLT panels. 
LSL is also produced by one mill in Maine, and the use of LSL in CLT could increase the 
market for LSL.  
 At the commencement of this research, Norway spruce was slated to be the local 
lumber type to be used for CLT testing. However, obtaining the Norway spruce required 
a significant lead time that would have delayed the project. The objective was for local 
Norway spruce to be harvested in representative samples from different locations around 
the state to be tested for approval and inclusion in the NDS. It was determined that this 
process would take longer than anticipated and materials could not be waited on for 
manufacturing CLT. The two options that arose as the immediate replacement for 
Norway spruce for CLT testing were Eastern spruces or SPFs. Eastern spruces would be 
the closest option with regards to species to replace Norway spruce and would have better 
 3 
 
properties, but a local mill could not be found that separates Eastern spruces. Therefore, 
readily available local Spruce-Pine-Fir (South) was selected to be its replacement, being 
the grouping that Norway Spruce was targeted to be added to and which consists mostly 
of Balsam Fir and spruces. 
1.2.  Objectives 
 The objective of this research is to conduct a technical assessment of the 
engineering properties of CLT made from local Northeastern lumber, LSL and mixtures 
of the two. The technical assessment will provide bending and shear strength and 
stiffnesses values for select CLT configurations, which will be used to determine the 
feasibility of using local Northeastern lumber and LSL in CLT. The main tasks required 
to complete this objective are to design and manufacture lumber, LSL/lumber and LSL 
pilot scale three-layer CLT panels, to conduct structural testing and evaluate the panel 
configurations.  
 To accomplish the objective of the research, CLT panels of varying 
configurations must be designed and tested. Design requires the initial determination of 
lay-up configurations that may be plausible for use in the CLT market and estimating 
their engineering properties. This requires determining the bending strength, elastic and 
shear stiffnesses for the major and minor strength directions for CLT consisting of SPFs 
or LSL, as well as hybrids of the two, and using different forms of LSL. Manufacturing is 
done on a pilot scale, where three-layer CLT is laid up by hand in the ASCC lab in 
accordance with the procedures and quality regulations laid out in the U.S. CLT 
Handbook. 
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 Structural testing of CLT specimens includes four point bending and short span 
three point bending in both the major and minor directions to determine the bending 
strength of each CLT configuration as well as stiffness. The test results will allow a direct 
comparison of the different CLT configurations. Evaluations will be made on the 
influence of using both SPFs and LSL in the face and core layers for both strength 
directions. 
 The research described in this thesis will assess whether SPFs and LSL are 
feasible materials for use in CLT. This will be addressed by determining the bending and 
shear strengths and stiffnesses of CLT configurations consisting of combinations of these 
materials. The mechanical properties of each of these configurations will be compared to 
the required mechanical properties of the CLT grades specified in the CLT Standard, 
ANSI/APA PRG 320 (American National Standard Institute & APA - The Engineered 
Wood Association, 2012). If the mechanical properties of the CLT configurations 
consisting of SPFs, LSL or SPFs and LSL meet the design requirements of the CLT 
grades, then the configurations will be considered feasible.  
1.3.  Organization of This Thesis 
 Chapter 2 provides a summary of prior work done with designing and testing 
CLT. Issues found from this literature review will be highlighted and analyzed. Particular 
attention is paid to perpendicular-to-grain (rolling shear) failure, which is expected to be 
of concern with a relatively weak SPFs core layer and stronger face layers. In addition, a 
description of CLT testing standards is provided.  
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 Chapter 3 summarizes results of preliminary testing, where two CLT lay-up 
configurations were tested in the major direction in four-point bending for five span 
lengths to determine the elastic and shear moduli according to the Shear Modulus section 
in ASTM D198-14e1 (ASTM, 2014). This testing was done in order to provide initial 
data on rolling shear strength. The materials used, their condition, testing methods, what 
was learned from testing and a summary of results are provided.  
 In Chapter 4, details of the CLT designs and configurations selected for testing 
are analyzed. The expected strengths and failure modes of these configurations are 
outlined. The dimensions of each panel and the quantities to be made of each 
configuration for each strength direction are presented. The purpose and process of 
testing each piece of lumber for its modulus of elasticity are explained, along with the 
benefits of having the material properties of each board going into each CLT panel.  
 Chapter 5 describes the materials used, their quality, and how they were 
conditioned. An overview and the results of a spread rate study and the reasoning for 
conducting these tests are presented. Then, the CLT manufacturing process are outlined 
in the order of lumber selection, material preparation, planing, the lay-up process, 
pressing of the CLT and quality control, including all accuracy tolerances.  
 In Chapter 6, the purpose of and methods for the ASTM D198-14e1 destructive 
four-point bending tests to determine panel strengths and stiffnesses are outlined. The 
testing matrix and goals are presented. A discussion on the use of string potentiometers 
and ARAMIS digital image correlation system is presented.  
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 The results of the destructive flexural testing are summarized and analyzed for 
each configuration in both directions. The configurations are quantitatively compared to 
each other and the CLT grades specified in the CLT Standard ANSI/APA PRG 320-2012 
(American National Standard Institute & APA - The Engineered Wood Association, 
2012). The expectations during the experimental design phase are discussed with relation 
to the data collected.  
 In Chapter 7, the purpose of and methods for the ASTM D198-14e1 destructive 
three-point shear tests to determine panel shear strengths are outlined. The testing matrix 
and goals will be presented. The results of the destructive shear testing are summarized 
and analyzed for each configuration. The configurations are quantitatively compared to 
each other and the results found from the four-point bend tests.  
 Finally in Chapter 8, a summary of the complete work conducted through this 
research with an analysis of the research objective is provided. Recommendations are 
made from the analyses found in Chapters 6 and 7 and for potential future work to be 
done.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1. Introduction 
 Since CLT has existed for over two decades, its use has been well documented in 
European countries such as Austria, which has many CLT manufacturers. In the United 
States CLT is relatively new and the materials of various regions of the country are being 
tested to assess their efficacy for use in CLT. The research described here falls within this 
realm. Given the two statements above, the aims of this literature review are to determine 
potential design issues for CLT, and to determine how new materials are assessed for use 
in CLT.  
2.2. Prior Work 
2.2.1. Hochreiner et al. 2014 
 Research described by the Institute for Mechanics of Materials and Structures at 
the Vienna University of Technology in 2013 focused “on the global failure mechanisms 
and the corresponding evolution of different crack modes in CLT plates, depending on 
geometric and/or material related properties (Hochreiner et al., 2014).” Experiments were 
done on both three and five layered CLT plates, and tests were done to observe shear, 
tensile and delamination failures. An issue raised early on in the article is that standard 
CLT testing procedure are all one dimensional, while the application of CLT is based on 
two dimensional loading. This brings up another issue, being that low shear stiffness in 
the core and global shear failure from concentrated loads are not being fully accounted 
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for in tests such as four point bending. The materials used in this study were Norway 
spruce for the wood species and polyurethane adhesive was used for bonding.  
 The results of this research found that “at the beginning of failure, a truss-like 
structural system develops within CLT plates, which is influenced by the annual ring 
configuration of the middle layer and the width of the boards (Hochreiner et al., 2014).” 
It was determined that for CLT plates, during failure, the CLT would develop a tension 
band effect creating a truss-like structural system within the core. It is also shown 
through an image of broken CLT plates, that CLT with the core boards’ annual ring 
configuration oriented concave down are stiffer than those with the core boards being 
oriented concave up, which is similar to that orientation of boards in a glulam. The 
orientation of the annual ring configuration is a factor in the location of the shear failure 
cracks as well. It was also found that the tensile strength of the lumber used within CLT 
needs to be relatively high for both directions to promote ductility.  
2.2.2. Kramer 2014 
 In Oregon, studies were conducted on the use of low-grade lumber, specifically 
hybrid poplar, in ANSI/APA PRG320-2012 approved cross-laminated timber 
applications and design and performance of steel energy dissipators to be used in cross-
laminated timber self-centering systems (Kramer, 2014). Focusing the attention on the 
technical assessment of hybrid poplar for CLT, the purpose of this section was to 
investigate improvements to CLT designs by using low-density wood species as a 
material possibility. From the introduction, it is said that “the behavior of CLT panels 
depends on homogenization, and has been shown to have frequent rolling shear failures 
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in bending tests (Steiger & Gulzow, 2009).” The reason for investigating low-density 
species is because ANSI/APA PRG 320-2012 currently limits wood densities to be used 
within CLT designs to 350 kg/m3 (American National Standard Institute & APA - The 
Engineered Wood Association, 2012). The species chosen to be studied was hybrid 
poplar due to its availability. Dimensions used for the CLT panels were a total thickness 
of 95 mm, a width of 410 mm and a length of 2790 mm (Kramer, 2014). These 
dimensions were used to have a span-to-depth ratio of 27, and it was noted that the 
boards were not edge glued. 
 Long and short span bending tests were conducted, both in accordance with 
ASTM D4761 to follow the recommendations of ANSI/APA PRG 320-2012. The long 
span bending tests were flatwise three-point bending to calculate modulus of elasticity 
and modulus of rigidity. The short span bending tests were center point tests to determine 
the maximum shear stress and the interlaminar (rolling) shear capacity. Also conducted 
were block shear tests, which were conducted to estimate shear strength while following 
ASTM D905, with a loading rate of 5 mm/min (Kramer, 2014). From these tests, the 
typical failure for both long and short span loading was found to be in shear adjacent to 
the loading point. The conclusions made were that low-density species such as hybrid 
poplar could be useful to CLT designs. Their properties should meet or surpass those of 
the Grade E3 listed in ANSI/APA PRG 320-2012 (American National Standard Institute 
& APA - The Engineered Wood Association, 2012). Unfortunately, hybrid poplar did not 
meet the requirements for modulus of elasticity. What was also found to govern these 
low-density CLT designs was deflection, and serviceability conditions may not be met, so 
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it was suggested that higher density species could be used with hybrid poplar to meet 
these requirements.  
2.2.3.  Beagley et al. 2014 
 At Virginia Polytechnic Institute and State University two studies were done on 
local materials. The first was on the incorporation of hardwood in CLT, specifically 
yellow-poplar (Beagley et al., 2014). The focus of this work was on comparing different 
design methods to determine which could most accurately predict the bending and shear 
stiffnesses of CLT consisting of hardwoods. The methods analyzed were transformed 
section analysis, the Shear Analogy method, the Gamma Method and the K-method. The 
stiffnesses calculated by each of these methods were then compared to experimental 
results. Five layer CLT beams were laid up, three in the major strength direction and 
three in the minor strength direction, and were tested non-destructively both flatwise and 
edgewise in bending according to the ASTM D198 section on determination of shear 
modulus.  
 The findings were that the Shear Analogy method is sufficient for determining the 
elastic stiffness in the major and minor directions for flatwise CLT and that the K-method 
and transformed section analysis are sufficient for determining the elastic stiffness in the 
major directions for flatwise and edgewise CLT made up of hardwood. The transformed 
section analysis was found to be the most accurate for calculating the elastic stiffness in 
the major direction for flatwise CLT and the Shear Analogy method for minor direction 
flatwise CLT. In addition, the relationship between E/G parallel to grain was found to be 
about 5, and the relationship for E parallel/E perpendicular to be about 22 for hardwood 
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CLT (Beagley et al., 2014). In the conclusion, it is also noted that the shear stiffness is 
the driving property in CLT designs for the minor strength direction.  
2.2.4. Hindman & Bouldin 2014 
 Additional work conducted in Virginia was on the mechanical properties of 
southern pine cross-laminated timber to compare and contrast with the CLT grades 
specified in ANSI/APA PRG 320-2012 (Hindman & Bouldin, 2014). Tests were done to 
determine the CLT lay-up’s bending strength and stiffness, shear strength, compressive 
shear strength and susceptibility to delamination. The materials used were 2 x 4 No.2 
southern pine and a polyurethane adhesive. The five layer CLT specimens were cold 
pressed and jointed to achieve a span-to-depth ratio of 27 (Hindman & Bouldin, 2014). 
The beam specimens were tested flatwise in third point loading for bending and center 
point loading for shear according to ASTM D198 (ASTM, 2014). Yokes and LVDTs 
were used to measure displacement. The results of these tests found that five layer 
southern pine CLT matched or surpassed the values listed for the V3 CLT grade specified 
in ANSI/APA PRG 320-2012 (American National Standard Institute & APA - The 
Engineered Wood Association, 2012). The southern pine CLT lay-up was found to have 
insufficient in terms of delamination. This was stated to be due to a variance in moisture 
content and a lack of conditioning of the materials. It is also recommended that future 
CLT standards present shear strength values for each grade.  
2.2.5. Bejtka and Lam 2008 
 In the documentation of a study done by I. Bejtka and F. Lam at the University of 
British Columbia at the 2008 Annual Conference of the Canadian Society of Civil 
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Engineering, research was conducted on the feasibility of a CLT market in North 
America with aims to use wood affected by the Mountain Pine Beatle. They found that 
for loading in the out-of-plane direction, the theory of flexible connected beams could be 
used for solid wood panels, where the laminae are treated as individual beams flexing on 
one another. It is here that the issue of rolling shear comes about, saying “the major 
parameter of the inner layers oriented perpendicular to the main axis, which influences 
the mechanical properties of CLT panels loaded in bending, is the rolling shear modulus” 
(Bejtka & Lam, 2008). “Rolling shear is defined as shear stress leading to shear strains in 
a [radial-tangential] plane perpendicular to the grain direction” (Fellmoser & Bla, 
2004). Bejka & Lam (2008) stated that the rolling shear modulus of a timber specimen 
can be approximated as 10% of its shear modulus, which for softwoods would be around 
50 N/mm2. For the Shear Analogy Method, the top and bottom elements are assumed to 
have the same deflection in order to run static calculations for stresses and the rolling 
shear modulus.  
 As described in the U.S. CLT Handbook, “in the shear analogy method, the 
characteristics of a multi-layer cross-section or surface (such as multi-layer CLT panels) 
are separated into two virtual beams A and B” (FPInnovations & Binational Softwood 
Lumber Council, 2013). These two beams are connected by rigid members. The first 
beam, beam A, contains the sum of the bending stiffnesses for each layer about the 
neutral axis. Beam B contains the sum of the increase to the bending stiffnesses for each 
layer due to the distances from the centroids of each layer to the neutral axis according to 
the parallel axis theorem and the shear stiffness for each layer. With these two beams 
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being rigidly connected along their length, the stiffnesses are shared, they will possess the 
same displacements and the cross-ply of layers can be analyzed as one beam model.  
2.2.6. Fellmoser and Bla 2004 
 Another experiment was done in order to discover the extent of the influence of 
rolling shear modulus on the strength and stiffness of cross wise layered timber elements. 
The assumption to prove was that because of wood having low rolling shear stiffness, 
shear deformation would be important to these types of element mechanical designs. The 
tests were conducted in Germany in 2004 by Fellmoser and Bla on spruce specimens, 
and the first tests were on individual board samples to measure the rolling shear modulus. 
The tests conducted were bending vibration tests to measure frequencies for both parallel 
and perpendicular to grain directions when loading was induced. They found that “for 
bending vibration in grain direction the shear modulus has a lower influence on the 
modulus of elasticity” and “for bending vibration perpendicular to grain the influence of 
shear modulus is large (Fellmoser & Bla, 2004).” Therefore, the equation to calculate 
rolling shear modulus provided in the document can be used to calculate rolling shear 
modulus for perpendicular to grain by using the bending vibration parallel to grain 
modulus of elasticity and the bending vibration frequency for perpendicular direction. 
These tests all came to reveal that the common values of rolling shear modulus for the 
spruce samples range between 40 - 80 N/mm2 (Fellmoser & Bla, 2004).  
 The experiment then moved to test three layered solid wood panels with cross 
layers with varying span-to-depth ratios. This showed that for span-to-depth ratios less 
than thirty in bending parallel to grain for the outer layers and perpendicular for the inner, 
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as span-to-depth ratio decreased the shear influence increased, and the effective modulus 
of elasticity decreased. This showed that because of the low rolling shear modulus values 
of timber, shear deformation decreases drastically as the span-to-depth ratio goes up.  
 Provided in the results section where these ideas are discussed, a relationship is 
also presented to show the percentages of deformations that occur due to bending and 
shear as span-to-depth ratio increases, which can be seen in Figure 2.1 below. From this 
analysis it was also decided that “the Shear Analogy method is a more precise calculation 
method for the design of solid wood panels with cross layers taking into account shear 
deformations (Fellmoser & Bla, 2004).” The document then concluded to say that the 
bending and shear stress distributions and deformation produced in a three layer solid 
wood panel specimen are dependent on shear deformation (Fellmoser & Bla, 2004). It is 
also noted that this deformation also correlates to the thickness of the perpendicular to 
grain layer.  
 
Figure 2.1: Percentage of deformation due to bending or shear with relation to span-to-
depth ratio (Fellmoser & Bla, 2004). 
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2.2.7. Zhou et al. 2014 
 In New Brunswick, research by Zhou et al. in 2014 on rolling shear in CLT was 
continued in a study on the measurement of rolling shear modulus and strength of CLT 
for two common shear testing methods. An article on their research in the Wood and 
Fiber Science Journal begins by describing rolling shear and how it affects cross-
laminated timber configurations. It is “because of the structural mechanism of CLT” that 
rolling shear values are low in the cross-wise layers. Studies are mentioned that showed 
rolling shear properties for three-layer panels to range from 40 to 80 MPa (Zhou et al., 
2014). They move to expand that span-to-depth ratio correlates to the shear strength of 
the CLT when it is less than 20 (Zhou et al., 2014). There is also mention that with higher 
manufacturing pressures, a higher shear capacity can be obtained to produce stronger 
panels.  
 As stated, “the goal of this study was to compare methods of measuring the 
rolling shear modulus and strength of CLT with an objective to recommend a test method 
for use by the CLT industry.” With the two methods being variable span bending and 
two-plate shear tests. The study concludes that two-plate shear testing is better for 
determining the shear modulus for the cross-wise layers of a CLT lay-up and that bend 
testing is more beneficial to measure the shear strength of a CLT lay-up. It is also noted 
that the bend testing could create failures that you would typically see for bending, which 
often leads to rolling shear failure. It was determined that for span-to-depth ratios less 
than 8, the bending tests would give better predictions of the rolling shear modulus and 
deflection. For span-to-depth ratios greater than 14, the two-plate shear test would yield 
more accurate rolling shear modulus values (Zhou et al., 2014). These tests were done on 
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down scaled three-layer CLTs made up of black spruce lumber from New Brunswick, 
and the Shear Analogy method was used for calculations.  
2.2.8. Conclusions 
 From this literature review of prior work done, a few points of interest have been 
become clear to prospective CLT designs. The first point is that the common and 
recommended testing of CLT to determine mechanical properties is long and short span 
bending. However, plate or bi-axial testing would be more realistic given that CLT is 
typically used in plate form and shear stiffness would be better accounted for by 
including the strengths in both directions at once. The second and perhaps more 
important point is that CLT designs are often driven by shear strength. Further, panel 
shear stiffness needs to be accounted for in design. As was discussed, a common failure 
type in lumber made CLT panels has been shear perpendicular to grain in the cross ply 
layer(s). One resolution found to avoid a rolling shear failure was to test specimens with 
high span-to-depth ratios for long span bending (Hindman & Bouldin, 2014). However, 
while this may avoid a rolling shear failure, this does not mitigate the potential for shear 
strength limiting CLT panel capacity in a structural application. 
2.3.  CLT Standards 
 In the U.S. there are two standards that guide the design and manufacturing of 
CLT. These are the ANSI/APA PRG 320-2012 Standard for Performance-Rated Cross-
Laminated Timber and the U.S. CLT Handbook (American National Standard Institute & 
APA - The Engineered Wood Association, 2012; (FPInnovations & Binational Softwood 
Lumber Council, 2013).  
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2.3.1. ANSI/APA PRG 320-2012 
 The ANSI/APA PRG 320-2012 was the first CLT standard to be published and is 
often referenced in the U.S. CLT Handbook. This standard serves to define CLT and 
requirements for construction, performance, and structural testing (American National 
Standard Institute & APA - The Engineered Wood Association, 2012). CLT panel 
dimensions and dimensional tolerances, panel component requirements, performance 
criteria, qualification and product marking and quality assurance are all covered. The 
intent is to lay out a strict set of guidelines for which a CLT lay-up can be designed, 
manufactured and tested. Tables are also provided of CLT grades including both 
machine-stress rated (MSR) and visual graded lumber to outline each grades typical 
material composition, allowable design properties for both the major and minor strength 
directions, and the allowable bending capacities for three, five and seven layer CLT lay-
ups (American National Standard Institute & APA - The Engineered Wood Association, 
2012).  
2.3.2. The U.S. CLT Handbook 
 The U.S. CLT Handbook was developed in 2013 and was modeled after the 2011 
Canadian CLT Handbook and the requirements stated in ANSI/APA PRG 320-2012, 
otherwise known as the CLT Standard. As much as ANSI/APA PRG 320-2012 is “the” 
CLT standard, the U.S. CLT Handbook is the guide for the development and use of CLT. 
The first chapter of this handbook provides a brief history and description of CLT. The 
following two chapters substantially cover the manufacturing and design of CLT, while 
providing references and example calculations. The manufacturing chapter outlines a 
 19 
 
step-by-step approach for manufacturing CLT and all of the design aspects to consider, as 
well as providing the quality assurance and tolerance requirements. In the design section, 
the different methods on analyzing CLT are highlighted, being the Gamma Method, the 
K-method and the Shear Analogy Method. It is stated that the Shear Analogy method is 
the method for design that is has recently been the most widely accepted in Europe and is 
the basis for design in ANSI/APA PRG 320-2012 and in this CLT Handbook 
(FPInnovations & Binational Softwood Lumber Council, 2013). The design chapter 
covers the typical adjustment factors, both the design and modeling procedures for CLT 
elements and design examples for bending, compression axial, and tension members, as 
well as bearing of members. Additional topics covered in the handbook are lateral design, 
CLT connections, duration of load, creep factors, vibration performance, fire 
performance, sound insulation, building enclosure design, environmental performance 
and a lifting and handling guide (FPInnovations & Binational Softwood Lumber Council, 
2013). 
 The U.S. CLT Handbook also includes a discussion on rolling shear modulus and 
shear deformation, which were identified as critical design issues in the review of 
relevant research presented earlier in this chapter. Rolling shear is a shear failure 
perpendicular to grain where the longitudinal fibers “roll” over one another. It can be 
visualized as a bundle of straws held between two flat hands rolling over one another as 
the hands are slid in opposite directions from each other. The U.S. CLT Handbook states 
in Chapter 3 that the “rolling shear strength and stiffness in CLT has been identified as a 
key issue that can control the design and performance of CLT floor and wall systems 
(FPInnovations & Binational Softwood Lumber Council, 2013, p. 9).” Research on this 
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rolling shear issue is then discussed. It is explained that the rolling shear modulus is 
dependent on properties and geometry of the lumber used in CLT. In addition to these 
factors, the rolling shear strength is also dependent on the lamination width of the cross 
layer, which there is a requirement for in ANSI/APA PRG 320-2012.  
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CHAPTER 3 
PRELIMINARY TESTING 
3.1. Introduction 
 From the literature review outlined in Chapter 2, rolling shear is a potential failure 
mode for the CLT to be tested in this study. According to the U.S. CLT Handbook, 
“rolling shear strength and stiffness in CLT has been identified as a key issue that can 
control the design and performance of CLT floor and wall systems (FPInnovations & 
Binational Softwood Lumber Council, 2013).” The maximum span-to-depth ratio for the 
CLT panel testing is limited to 22.3 given the maximum panel length of 2.4 m and 
thickness of 105 mm, with each layer being 35 mm thick. This value is less than the 
recommended span-to-depth ratio of 30 by the CLT Handbook to prevent rolling shear 
(FPInnovations & Binational Softwood Lumber Council, 2013). Therefore, rolling shear 
in the core layer of a three layer CLT panel may be a major factor in the CLT testing 
program and CLT panel design. As a result, preliminary tests were conducted to 
determine the effect of rolling shear to the proposed CLT designs.  
 For the preliminary tests, multiple span lengths were tested in three-point bending 
in accordance with the ASTM D198 sections 45 - 52 which cover the determination of 
shear modulus. Two potential three layer CLT lay-ups were chosen for the preliminary 
tests: LSL-SPFs-LSL, having LSL in the faces and SPFs in the core, and SPFs-LSL-
SPFs, having SPFs in the faces and LSL in the core. These two lay-ups were chosen to 
encompass a range for the shear modulus between the two core material types: SPFs-
LSL-SPFs was expected to have a high shear strength and modulus, and LSL-SPFs-LSL 
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with Spruce-Pine-Fir (South) within the core was expected to have a lower shear strength 
and modulus. This preliminary study will be also be used to monitor failures modes, 
prepare for future bending tests and to compare these two material hybrid lay-ups.  
3.2. Objectives 
 The main objectives of the preliminary tests to be conducted are as follows:  
1) Verify that utilizing LSL in the core layer of CLT minimizes or eliminates the 
rolling shear issue.  
2) Determine whether a span length of 2.4 m is likely to produce rolling shear 
failures. 
 Additionally, these preliminary tests will aid in establishing protocols for the 
future test set up and bending test processes. Observations and analyses will also be made 
to determine the benefits of using LSL in the core, and help assess which grade of LSL is 
most effective.  
 The preliminary testing of these two potential lay-ups will be analyzed to compare 
against the CLT grades specified in the CLT standard ANSI/APA PRG 320-2012. The 
goal is to meet or exceed the strength properties of the V2 CLT grade and to determine a 
target CLT grade for future testing (American National Standard Institute & APA - The 
Engineered Wood Association, 2012). On a similar note, the SPFs-LSL-SPFs lay-up is 
being tested not only to help set a range for the shear modulus, but also to see if this lay-
up would be worth including in the testing matrix. This is said because the known 
modulus of elasticity values suggest that this lay-up would not be able to meet the V2 
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CLT grade and therefore may not be worth the additional time and cost to include in 
further testing. With this lay-up having SPFs in the faces, which has a lower bending 
strength than LSL according to the 2012 National Design Specification (NDS): Design 
Values for Wood Construction, the assumption is that this CLT lay-up will produce lower 
mechanical properties (American Wood Council, 2012).  
3.3. Materials 
 The materials used for the preliminary testing were Spruce-Pine-Fir (SPF), which 
was used instead of SPFs due to its immediate availability, laminated strand lumber 
(LSL) from Louisiana Pacific in Houlton, ME and PURBOND HB E452, a polyurethane 
adhesive made by Henkel Corporation for use in CLT.  
 38 mm x 140 mm SPF No. 2 boards were used and were kiln dried. The LSL was 
also 38 mm x 140 mm, had a 1.35E grade and had a wax coating on the edges, which was 
ripped off. The exact moisture content for each board was not measured, however, the 
SPFs can be assumed to be less than 19% and LSL is known to be about 4-5%. The 
PURBOND HB E452 adhesive is a polyurethane adhesive that does not require mixing to 
react with the wood. This is a structural, foaming adhesive that can be used for face or 
finger jointing.  
3.4. Methods 
 The CLT panels used for these preliminary tests were manufactured according to 
the steps laid out in and tolerances stated in Chapter 2 of the U.S. CLT Handbook 
(FPInnovations & Binational Softwood Lumber Council, 2013). One 1.3 m x 2.5 m CLT 
panel was manufactured by hand for each of the two previously defined lay-ups. 
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 For the preliminary tests, multiple span lengths were tested in three (center) point 
bending in accordance with the ASTM D198 – 14e1 section covering the determination 
of shear modulus (ASTM, 2014).  
3.4.1. Manufacturing 
 The CLT manufacturing process can be broken down into three general 
categories: material preparation, the lay-up process and pressing. For material 
preparation, 38 mm x 140 mm boards of SPFs and LSL were cut to 1.3 m for the cross-
ply layers and 2.5 m for the face layers. Sufficient boards were cut to length so as to have 
enough materials for one 1.3 m x 2.5 m three layer LSL-SPF-LSL and one 1.3 m x 2.5 m 
three layer SPF-LSL-SPF CLT panel. As previously noted, the LSL boards’ edges were 
coated in wax to prevent water penetration. This wax coating was removed to allow for 
optimal adhesion.  
 Once the boards were cut to length, the face of each board was planed down 1.6 
mm to create a fresh surface for bonding. After the boards were planed, the bottom face 
layer was laid out on a steel call sheet covered by a release paper, spritzed with water and 
a single layer of the polyurethane adhesive was applied at a spread rate of approximately 
205 g/m2 in accordance with the preliminary adhesive data sheet. The core layer boards 
were then placed perpendicular to the bottom face boards, spritzed, adhesive applied and 
then the top face layer of boards were laid down. Another piece of release paper was then 
laid on top and the steel call sheet with the laid up CLT panel was slid into the press. The 
total open assembly time was no greater than 45 minutes. 
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 The press used was an Erie Mill & Press 1800 ton 1.2 m x 2.4 m press located at 
the Advanced Structures and Composites center. Each panel was cold pressed for two 
hours at a constant pressure of 1.03 N/mm2, which was in accordance with the adhesive 
supplier’s recommendations. After the panels were pressed, they were taken out of the 
press and placed on a full length supporting rack for twelve hours to achieve full bond 
strength. The final dimensions of each panel were 105 mm x 1.3 m x 2.5 m.  
3.4.2. Shear Modulus Determination Test 
 For the ASTM D198 shear modulus determination test, four different span lengths 
were tested in three-point bending in order to develop a relationship between span-to-
depth ratio and the inverse of the apparent elastic modulus (1/EIapp). Specimens from 
each of the two CLT panels were tested at span lengths of 0.61, 0.67, 0.91, 2.10 and 2.44 
meters.  
 To obtain specimens from each panel for these span lengths, both of the CLT 
panels were trimmed, cut up into 305 mm wide sections width wise and then these 
sections were cut to the necessary span lengths, as shown in Figure 3.1.  
 
Figure 3.1: Panel cut-up diagram for varying span length specimens.  
305 mm x 2.54 m B
305 mm x 2.54 m A
305 mm x 2.20 m
305 mm x 1.01 m
305 mm x 
0.77 m
305 mm 
x 0.71 m
1.3 m 
1.2 m 
2.54 m 
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 For testing, each of the specimens shown for each panel was tested until failure in 
three-point loading using the setup shown in Figure 3.2. The exception being that the 305 
mm x 2.5 m specimen A was loaded within the elastic range at each span length until the 
span length of 2.4 m. This was done by not exceeding 25% of the maximum load 
expected, which was found by failing a specimen at each span length before testing the 
305 mm x 2.5 m specimen A. It must be noted that a different load rate was used for each 
of the five span lengths to obtain failure within the acceptable time of loading limit of 6 – 
20 minutes stated in ASTM D198 (ASTM, 2014). For reference, the load rate must be 
kept constant for this test.  
 
Figure 3.2: Three point bending preliminary testing setup with the 2.10 m span length 
SPF-LSL-SPF specimen in place. 
 The inverse of the apparent elastic modulus was then calculated for each of the 
five tests that did not exceed the plastic limit. These values were plotted against the span-
to-depth ratio and a linear relationship was formed and the slope was used to calculate the 
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shear modulus. Equation 3.1 was used to calculate shear modulus according to ASTM 
D198 (ASTM, 2014). 
 ௉௅
య
ସ଼ாೌ೛೛ூ ൌ
௉௅య
ସ଼ாೞ೑ூ ൅
௉௅
ସீ௄஺ (3.1) 
Where: 
P = Force applied (N) 
L = Span length (mm) 
I = Moment of inertia (mm4) 
Esf = Shear-free modulus of elasticity (Pa) 
K = Shear correction factor 
A = Effective cross-sectional shear area (mm2) 
G = Shear modulus (Pa) 
Eapp = Apparent modulus of elasticity (Pa) 
 In addition, during testing a digital image correlation system (ARAMIS) was used 
in order to monitor the two dimensional deformation of the specimen during testing. The 
testing results were derived from displacements measured by ARAMIS and applied loads 
measured by Instron. ARAMIS was used for these tests in order to monitor the strains in 
each lamina, as well as at the two outer most faces, to accurately track the deflection of 
the specimens on a two dimensional plane, to monitor the track to failure and to confirm 
the failure mode. Monitoring the strains and track to failure were done in order to observe 
any presence of rolling shear in the specimens.  
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3.5. Summary of Results 
 Each specimen from the LSL-SPF-LSL lay-up (LSL in the faces, SPF in the core) 
at the previously specified span lengths failed in tension. For the SPF-LSL-SPF lay-up 
(SPF in the faces, LSL in the core) the 0.61, 0.67 and 0.91 m span length specimens 
experienced shear failures in the core lamina. At the longer span lengths of 2.10 and 2.44 
m, tension failure was observed in the bottom face. Typical tension failures for the two 
lay-ups are shown in Figure 3.3. Note that the LSL-SPF-LSL specimen shown failed in 
tension and then exhibited signs of shear, which shows that shear may have attributed to 
the failure.  
 
 
 
 
 
Figure 3.3:  Tension failure in LSL-SPF-LSL lay-up (left) and SPF-LSL-SPF lay-up 
(right) at a span length of 2.4 m. 
 This result was somewhat counterintuitive as it was assumed that the LSL core 
would have higher shear strength and modulus values than the SPF and therefore would 
be less prone to shear perpendicular to grain or rolling shear failures. However, these 
tests have shown that at lower span lengths the SPF-LSL-SPF is more susceptible to 
shear failure. This would either be due to the LSL having a lower shear strength 
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perpendicular to grain than SPF, or that the selected SPF boards used are stronger in 
bending than the LSL, which would lead to higher shear loading in the core. Aside from 
this, the preliminary tests indicated that rolling shear, while present (as expected) at the 
shorter spans, did not present a problem for the 2.5 m long specimens, since these 
specimens failed in tension with no signs of shear.  
 As can be seen in Figures 3.4 and 3.5, the LSL-SPF-LSL specimens produced 
more consistent results, as denoted by the low variability in the data. For example, load-
deflection responses of the two 2.4 m specimens are almost identical. The SPF-LSL-SPF 
specimens failed at higher loads at every tested span length when compared to the LSL-
SPF-LSL lay-up specimens; however, the SPF-LSL-SPF lay-up specimens also produced 
higher deflections. As can be seen from the LSL-SPF-LSL data curves, this lay-up had a 
brittle failure, whereas the SPF-LSL-SPF lay-up became more ductile as the span length 
of the specimen tested was increased. Looking at the 2.4 m span length in particular, 
specimens A and B were of the same length, but specimen B was found to have a higher 
elastic stiffness and was more ductile than the other 2.4 m span specimen A cut from the 
same panel. This could be due to specimen A being used for the elastic loading at each 
span or from specimen B having higher quality SPF in its bottom face. It can also be 
observed from the plots that the SPF-LSL-SPF lay-up appears to be more stiff than LSL-
SPF-LSL. Note that the plots were created from a sample size of 1.  
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Figure 3.4: Load vs. deflection curves for LSL-SPF-LSL at varying span lengths. 
 
Figure 3.5: Load vs. deflection curves for SPF-LSL-SPF at varying span lengths. 
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 The results of the preliminary testing are summarized in Tables 3.1 and 3.2. From 
a comparison of modulus of rupture (MOR) for the two lay-ups tested, the SPF-LSL-SPF 
lay-up consistently produced higher MOR values at every span length. These results 
seem to be counterintuitive, in that the LSL-SPF-LSL lay-up was expected to produce 
higher MOR values given that two of the three laminae are 1.35E LSL, which has a 
higher nominal bending capacity than SPF. LSL also has higher tension and compression 
strength values than SPF, which means that LSL should be more effective in the face 
lamina to increase structural performance. Given these unexpected results for both MOR 
and shear, further testing needs to be done to determine the quality of each material type 
being used in the CLT panels.  
Table 3.1: Test Results for the LSL-SPF-LSL Lay-up 
Specimen 
Length 
(m) 
Test 
Span 
(m) 
Specimen 
# 
Test 
# 
Depth 
(m) 
Width 
(m) 
Density 
(kg/m3) 
Peak 
Load 
(N) 
Failure 
Mode 
MOR 
(N/mm2) 
0.76 0.61 12 1 0.106 0.307 640.1 98,350 Tension 25.9 
0.77 0.67 12 1 0.106 0.307 640.1 100,921 Tension 29.3 
1.01 0.91 1 1 0.106 0.307 640.1 69,410 Tension 27.2 
2.20 2.10 1 1 0.106 0.304 656.9 35,554 Tension 32.5 
2.54 2.44 11 1 0.106 0.305 648.1 30,113 Tension 31.9 
2.54 0.61 21 1 0.106 0.303 652.0 - - - 
2.54 0.67 2 2 0.106 0.303 652.0 - - - 
2.54 0.91 2 3 0.106 0.303 652.0 - - - 
2.54 2.10 2 4 0.106 0.303 652.0 - - - 
2.54 2.44 2 5 0.106 0.303 652.0 31,081 Tension 33.2 
Notes: Moisture content was not tested for the materials used in this experiment.  
1Two 2.5 m long specimens were tested. The first specimen was tested to failure and the 
second at 5 different span lengths, allowing for the calculation of the shear modulus, G. 
The first four spans of specimen 2 were tested to 25% of the maximum bending moment 
and then at 2.4 m to failure. 
2 Time to max load was less than the minimum required of 4 minutes.  
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Table 3.2: Test Results for the SPF-LSL-SPF Lay-up 
Specimen 
Length 
(m) 
Test 
Span 
(m) 
Specimen 
# 
Test 
# Depth(m) 
Width 
(m) 
Density 
(kg/m3) 
Peak 
Load 
(N) 
Failure 
Mode 
MOR 
(N/mm2) 
0.76 0.61 1 1 0.105 0.306 558.7 141,525 Shear 38.43 
0.77 0.67 1 1 0.105 0.306 558.7 127,041 Shear 38.03 
1.01 0.91 1 1 0.105 0.306 558.7 105,276 Shear 42.53 
2.20 2.10 1 1 0.105 0.305 570.3 53,775 Tension 50.3 
2.54 2.44 11 1 0.105 0.305 583.5 37,539 Tension 40.7 
2.54 0.61 21 1 0.105 0.305 571.2 - - - 
2.54 0.67 2 2 0.105 0.305 571.2 - - - 
2.54 0.91 2 3 0.105 0.305 571.2 - - - 
2.54 2.10 2 4 0.105 0.305 571.2 - - - 
2.54 2.44 2 5 0.105 0.305 571.2 48,717 Tension 53.0 
Notes: Moisture content was not tested for the materials used in this experiment.  
1Two 2.5 m long specimens were tested. The first specimen was tested to failure and the 
second at 5 different span lengths, allowing for the calculation of the shear modulus, G. 
The first four spans of specimen 2 were tested to 25% of the maximum bending moment 
and then at 2.4 m to failure. 
3 Modulus of rupture calculated is not from bending.  
 
 From using ARAMIS to monitor the strains in each layer, it was found that the 
shorter span length specimens (0.61, 0.67 and 0.91 m) from the LSL-SPF-LSL lay-up 
showed high strains in the faces and high shear strain in the core layer. The shorter span 
length specimens from the SPF-LSL-SPF lay-up also showed high strains in the faces and 
signs of rolling shear strain in the core layer, which is distinguished by the distinct “S” 
shape of the strain lines, which can be seen in Figure 3.6. In this figure the major 
principal strain of the section being monitored by ARAMIS overlaying the video feed 
during loading that was also recorded by ARAMIS. What can be seen in the photo is the 
side view of the SPF-LSL-SPF specimen at a span length of 0.91 m. The area analyzed 
by ARAMIS was painted flat white and then speckle painted with a flat black in order to 
create a field of approximately 50% white and 50% black. This was done in order to 
 34 
 
create contrast so that ARAMIS could track the location of each black dot as its location 
changes.  
 The displacements are then used to develop strains over a distance over time, and 
in this picture the major principal strain is shown. The major principal strain for each 
pixel was displayed with relation to a color index specific to this specimen. What was 
observed in this video were strains increasing at the outer most fibers at the top and 
bottom of the beam under the load head over time, which is denoted in this photo by the 
lighter blue color. Noting that dark blue represents low strain and as the color advances to 
red the strain increases. The highest strains, in red, shown in this photo are those in the 
core layer. These strains correlate to the highest displacements in the paint pattern on the 
specimen, which were caused by the propagation of crack in the core over time. The 
cracks shown are at an angle down and away from the load head in the core layer. This 
type of crack formation is typical for shear developing perpendicular to grain.  
 
Figure 3.6: Major principal strain measured by ARAMIS for SPF-LSL-SPF at a span 
length of 0.91 m just prior to failure. 
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 In Figure 3.7, for the same span of 0.91 m, the strains in the LSL-SPF-LSL 
specimen are shown just before failure. Note that the high stress concentration shown in 
red under the center of the load head in the outer fiber of the bottom layer is the start of 
the crack that leads to tension failure. For this specimen, there was more strain present in 
the top and bottom SPF layers when compared to those in Figure 3.6 with LSL in the 
face. Areas of strain in the core can also be seen where there are the yellow and green 
regions, being moderate principal strain in relation to the high stress concentrations 
formed by the red upward angled strain lines where cracks were beginning to form. The 
one vertical stress concentration on the left of the image was most likely a joint between 
two boards.  
 
Figure 3.7: Major principal strain measured by ARAMIS for LSL-SPF-LSL at a span 
length of 0.91 m just prior to failure. 
 The 2.10 and 2.4 m span length specimens from the LSL-SPF-LSL lay-up 
displayed high major principal strains in the faces due to the tension and compression of 
the face lamina, as shown in Figure 3.8. These same span lengths for the SPF-LSL-SPF 
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lay-up also displayed high principal strains in the faces, as well as strain developing in 
the core lamina, which can be seen in Figure 3.9. The strain developing in the core can be 
seen at the far left and right of the photo where yellow and some red denote higher strain, 
whereas the LSL-SPF-LSL specimen at the same span length in Figure 3.8 appeared to 
have a more distributed, lesser strain in the core layer with relation to the strains in the 
faces. Both of these specimens shown failed in tension. However, the SPF-LSL-SPF 
specimen in Figure 3.9 had a preliminary compression failure in the SPF in the top face 
layer before failing in tension in the bottom face layer, which is seen as a vertical high 
concentration, red, strain line in the top face layer just to the right of center of the load 
head. These results seem to be counterintuitive, in that the SPF-LSL-SPF lay-up has LSL 
in the core, which is stronger in shear than SPF, but the specimens from this lay-up are 
showing more strain in the core layer than when SPF is used in the core layer. These 
results also show that rolling shear was present in the shorter span lengths of the SPF-
LSL-SPF lay-up and contributed to the shear failures that occurred.  
 
Figure 3.8: Major principal strain measured by ARAMIS for LSL-SPF-LSL at a span 
length of 2.44 m just prior to failure.  
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Figure 3.9: Major principal strain measured by ARAMIS for SPF-LSL-SPF at a span 
length of 2.44 m just prior to failure. 
 It should be noted that both modulus of elasticity (MOE) and shear modulus (G) 
are not tabulated above. This is because data acquisition errors led to unreliable values 
for both MOE and G. One issue was higher-than-anticipated deflections, which was due 
to not measuring the settlement of the supports and crushing of the wood under the load 
head. Another issue was not having a direct link between the load and deflection data due 
to a faulty analog connection. An interpolation between real time and the accurate 
displacements from ARAMIS and Instron position was attempted to remedy this issue, 
but did not prove accurate. Therefore, only the load related data has been presented.  
 Lessons learned from this preliminary testing were that wood crushing need be 
avoided. This will be done by using neoprene pads under the specimens over the supports 
to prevent high bearing stresses and by widening the load heads so that they will be of the 
same width or greater than the specimens. With regards to acquiring deflection data, 
string potentiometers will be used in addition ARAMIS at multiple points along the span, 
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including over the supports. In the future, a constant load rate will also be applied for 
tests in bending. Additionally, materials will be conditioned and their condition recorded 
prior to testing.  
3.5.1. Conclusions 
 By testing LSL-SPF-LSL and SPF-LSL-SPF CLT specimens at five different 
span lengths, the effect of shear strain in the core lamina was assessed. The LSL-SPF-
LSL lay-up appeared to fail in tension at every span length, and the SPF-LSL-SPF lay-up 
had shear failures at span lengths less than 0.91 m and apparent tension failures at span 
lengths of 2.10 and 2.4 m. However, it is possible that the face layer tension failures were 
attributed by shear in the core layer. Based on the results, it is possible that a span length 
2.4 m would be sufficient to prevent rolling shear problems. However, contrary to 
expectations the use of LSL in the core layer may not have eliminated shear failures at 
span lengths less than 0.91 m, and produced higher MOR values when used in the core 
rather than in the face lamina. To determine the effects of LSL in CLT, further testing is 
needed for these experimental hybrid CLT designs. Given that the SPF-LSL-SPF lay-up 
has also proven to have potentially promising strength and stiffness, this lay-up will be 
included in future testing. However, due to the sample sizes of 1 and lack of moisture 
content control, these results must be considered preliminary and no firm conclusions 
should be drawn regarding the effectiveness of a particular layup.  
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CHAPTER 4 
EXPERIMENTAL DESIGN AND BOARD CHARACTERIZATION 
4.1. Lay-up Selection 
 As discussed in Chapter 1, readily available local Spruce-Pine-Fir (South) was 
selected for CLT fabrication. To determine what grade of SPFs to use, correspondences 
were made with structural designers in the U.S. who were familiar with CLT. From these 
correspondences it was learned that the most common CLT grades according to PRG 
320-2012 being used in the U.S. were E1 and V2, with a shift in demand towards V2 
because designers and builders are finding that the V2 grade is behaving similarly to the 
E1 grade, but at a lower cost. With this being said, the V2 grade became the target grade. 
The V2 CLT grade has an elastic modulus of 9.65 GPa in the major strength direction 
according to PRG 320-2012 (American National Standard Institute & APA - The 
Engineered Wood Association, 2012), while SPFs No.2 has an elastic modulus of 7.58 
GPa in the 2012 NDS (American Wood Council, 2012). For an all local lumber CLT 
panel, a V2 CLT grade may not be obtainable using SPFs No.2. SPFs No.1 has an elastic 
modulus of 8.27 GPa; however this is with the inclusion of species such as Balsam Fir, 
which would lower this average (American Wood Council, 2012). 
 The bulk of the lumber obtained was expected to be spruces, being red or white. 
In addition, the moisture content intended to be used for testing would be lower than the 
moisture content used for the NDS tabulated modulus of elasticity averages, thus 
increasing the expected modulus of elasticity. Similar to Eastern Spruce, SPFs No.1 is 
currently not commonly separated at saw mills in Maine due to low demand. The mills 
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typically group SPFs No.1 and 2 together and label it as SPFs No.2 and Better. With the 
V2 CLT grade being the target to achieve for CLT quality, it was decided that 200-300% 
excess of SPFs No.2 and Better would be obtained in order to E-rate each individual 
board and select those having higher elastic moduli to use for testing. E-rating also 
provides the properties of each board, SPFs and LSL, going into each CLT panel. 
Ultimately, while the No. 2 and better SPFs lumber used in this study may not give a V2 
CLT panel, the testing will still yield valuable information on CLT panels constructed 
with a readily available Northeastern commercial softwood.  
 Similar to the local lumber, a grade of LSL had to be chosen. There are three 
grades of LSL produced: 1.35E, 1.55E and 1.75E. These grades correspond to the true 
modulus of elasticity in Msi (ICC Evaluation Service, 2015), and 1.35E and 1.75E are the 
most common, having elastic moduli of 9.31 and 12.07 GPa respectively. The benefits of 
1.75E are higher shear and bending strengths, and stiffness. The disadvantages are cost, 
and while 1.35E LSL has lower strength and stiffness values, it will be more cost 
effective and was seen as more marketable for CLT. Therefore, 1.35E LSL was selected.  
 Once these material grade decisions were made, CLT lay-up configurations were 
debated. The original three lay-ups planned to be made and tested in the research 
proposal were SPFs-SPFs-SPFs, LSL-SPFs-LSL and LSL-LSL-LSL. The all SPFs lay-up 
to determine how Northeastern U.S. lumber alone would perform in CLT. The all 1.35E 
LSL lay-up to determine what benefits structural composite lumber, specifically 
laminated strand lumber, would bring to CLT and how LSL would rate as a substitute for 
lumber in CLT. These two lay-ups would also serve as the control lay-ups to compare the 
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hybrid lay-ups to. The LSL-SPFs-LSL hybrid lay-up was intended to determine if using 
an SCL in the parallel layers of CLT would improve bending strength and stiffness.  
 With the LSL being an engineered and manufactured material, it was proposed 
that the extra manufacturing step of cutting the LSL into board widths may not be 
necessary or desirous. This was because it would be both easier and faster to manufacture 
CLT using sheets of LSL, rather than boards, saving time in both cutting and in the lay-
up process. Using sheets instead of boards could also improve stiffness values, especially 
in the minor strength direction, by not having joints in the faces. Due to this reasoning, a 
fourth lay-up was added. As was previously mentioned, from the preliminary testing, it 
was determined that a SPFs-LSL-SPFs lay-up was worth adding as well since the 
increased shear strength of LSL may prove beneficial in the core to increase shear 
strength of the CLT and prevent rolling shear. With the aim in the use of LSL being to 
increase the strength properties of CLT, a direct comparison of CLT to LSL was also 
desired. LSL is known to be strong in the longitudinal direction, and while it was 
anticipated that the minor direction properties would compare poorly, a solid LSL 
alternative would be less expensive to manufacture and there could be conditions where it 
is ideal. Therefore, a sixth lay-up was added with solid LSL having the same dimensions 
and thickness as the CLT panels for a direct material comparison. This brought the 
experimental lay-up configurations total to six as summarized in Table 4.1.  
 43 
 
Table 4.1: CLT Lay-up Configurations 
Lay-Up Top Face Core Bottom Face 
A SPFs No.2 & Better SPFs No.2 & Better SPFs No.2 & Better 
B 1.35E LSL SPFs No.2 & Better 1.35E LSL 
C 1.35E LSL 1.35E LSL 1.35E LSL 
D 1.35E LSL (Sheet) 1.35E LSL (Sheet) 1.35E LSL (Sheet) 
E SPFs No.2 & Better 1.35E LSL SPFs No.2 & Better 
F Solid 1.35E LSL 
 
 Note that the lay-up column on the left hand side of Table 4.1 specifies the 
naming convention for each lay-up, which will be used throughout this report. As can be 
seen, there were six lay-up configurations, all of which being three layer cross-laminated 
timber except lay-up F, which is a unidirectional LSL slab. Lay-ups A, B, C and E all 
consist of 38 mm x 184 mm boards, while lay-up D consists of a single sheet of LSL for 
each layer.  
4.1.1. Lay-up Dimensions and Quantities 
 In Table 4.2, the number of panels to be manufactured for each lay-up and their 
directions are shown. For each lay-up, two panels were be made for testing in bending 
and shear in the major strength direction, two for testing in bending and shear in the 
minor strength direction, one for future creep testing in the major strength direction, and 
two for future plate or bi-axial testing, which were be laid up in the major strength 
direction. Each of these panels was 105 mm thick, 1.32 m wide and 2.54 m long before 
trimming. The two panels for testing in bending and shear in both the major and minor 
strength directions were cut up further into test specimens as detailed in Chapter 6. Every 
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CLT panel in Table 4.2 was manufactured by hand during the one manufacturing stage in 
order to have each laid up under the same conditions, with the same tolerances and using 
the same methods.  
Table 4.2: Number of Panels to be Manufactured 
Lay-Up Major Strength Direction Minor Strength Direction Plate (Bi-Axial) 
A 3 2 2 
B 3 2 2 
C 3 2 2 
D 3 2 2 
E 3 2 2 
F 3 2 2 
 
4.1.2.  Estimated Lay-up Design Properties 
 In Table 4.4 the preliminary estimates for bending and shear strength are 
summarized for the six lay-ups. In Table 4.3 the preliminary estimates for shear and 
elastic stiffnesses are summarized for the six lay-ups in both strength directions. It should 
be noted that the bending moment capacity perpendicular to grain for lay-up F was not 
tabulated because the LSL manufacturer does not test for and therefore does not have a 
reported value for the allowable bending strength of 1.35E LSL perpendicular to grain. 
These tables of values were developed in accordance with the methods used in PRG 320-
2012 for allowable bending capacities using the allowable design properties in Table 4.5 
(American National Standard Institute & APA - The Engineered Wood Association, 
2012).   
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Table 4.3: Summary of Estimated Lay-up Mechanical Properties 
Lay-Up 
EIeff,0 
(109 N-
mm2/m) 
EIapp,0 
(109 N-
mm2/m) 
GAeff,0 
(106 N/m) 
EIeff,90 
(109 N-
mm2/m) 
EIapp,90 
(109 N-
mm2/m) 
GAeff,90 
(106 N/m) 
A 1,052 853 9.4 100 98 9.4 
B 849 712 9.2 136 131 7.7 
C 850 689 7.5 128 124 7.6 
D 850 689 7.5 128 124 7.6 
E 1,054 820 7.7 92 90 9.2 
F 892 855 42.1 99 95 4.2 
Note: 1 Fb,90 is not a known value for LSL 
Table 4.4: Summary of Estimated Lay-up Design Strengths 
Lay-Up FbSeff,0 (106 N-mm/m) 
Fs(Ib/Q)eff,0 
(N) 
FbSeff,90 
(106 N-mm/m) 
A 8.0 6,973 2.7 
B 19.8 6,931 3.7 
C 19.8 7,811 10.5 
D 19.8 7,811 10.5 
E 8.0 7,886 7.6 
F 24.1 22,753 - 
 
 The allowable design properties for each lay-up in Table 5 consist of the material 
properties that make up the parallel and perpendicular layers. The material properties 
were collected from the 2012 NDS for lumber (American Wood Council, 2012) and 
product report ESR-2403 for LSL (ICC Evaluation Service, 2015). These properties can 
be converted to characteristic properties using the safety factors stated in PRG 320-2012.  
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Table 4.5: Estimated Allowable Design Properties 
 Major Strength Direction Minor Strength Direction 
Lay
-Up 
Fb,0 
(MPa
) 
E01 
(MPa) 
Ft,0 
(MPa
) 
Fc,0 
(MPa
) 
Fv,0 
(MPa
) 
Fs,05 
(MPa
) 
Fb,90 
(MPa
) 
E901 
(MPa) 
Ft,90 
(MPa
) 
Fc,90 
(MPa
) 
Fv,90 
(MPa
) 
Fs,905 
(MPa
) 
A 5.3 11,376 2.4 6.9 0.9 0.31 5.3 11,376 2.4 6.9 0.9 0.31 
B 13.2 9,170 9.0 11.4 1.1 0.36 5.3 11,376 2.4 6.9 0.9 0.31 
C 13.2 9,170 9.0 11.4 1.1 0.36 13.2 9,170 9.0 11.4 1.1 0.36 
D 13.2 9,170 9.0 11.4 1.1 0.36 13.2 9,170 9.0 11.4 1.1 0.36 
E 5.3 11,376 2.4 6.9 0.9 0.31 13.2 9,170 9.0 11.4 1.1 0.36 
F 13.2 9,3082 9.0 11.4 1.1 0.36 -4 1,0343 -4 4.7 1.1 0.36 
Notes:  1 Apparent modulus of elasticity value determined from dynamic E-rating the 
material. 
 2 LSL slabs could not be dynamic E-rated, so the true modulus of elasticity value 
from the LSL product report was used. 
 3 The Louisiana-Pacific recommended conservative value to use. This is the 
perpendicular to grain modulus of elasticity of 1.5 inch thick 1.35E LSL rim board. 
 4 Unknown values for LSL in the minor strength direction that are not typically 
reported.  
 5 For the interlaminar (rolling) shear strength, PRG 320-2012 specifies to use 1/3 
of the shear strength 
 
 The stiffness calculations followed design examples that are detailed in the 
Canadian CLT Handbook using the Shear Analogy Method (Crespell & Gagnon, 2010). 
The equations used to calculate the bending strength, shear strength, elastic stiffness and 
shear stiffness for each lay-up in the major and minor strength directions can be found in 
Section 4 of Chapter 3 in the U.S. CLT Handbook (FPInnovations & Binational Softwood 
Lumber Council, 2013). Note that PRG 320-2012 uses a 0.85 reduction factor for the 
bending moment capacity in the major strength direction. In addition, when calculating 
the bending moment capacities for the minor strength direction, the distance between the 
extreme fibers of the longitudinal layers was used for the effective section depth.  
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 PRG 320-2012, the CLT standard, specifies use of the Shear Analogy Method for 
CLT design property calculations. The CLT standard also makes three assumptions that 
were important for design calculations. These assumptions are that the perpendicular to 
grain modulus of elasticity, E90, equals one thirtieth of the parallel to grain modulus of 
elasticity, E0, the parallel to grain shear modulus, G0, equals one sixteenth of the parallel 
to grain modulus of elasticity, E0, and that the perpendicular to grain shear modulus, G90, 
equals one tenth of the parallel to grain shear modulus, G0. The parallel to grain shear 
modulus is divided by ten to account for rolling shear, which is reasonable for lay-ups 
consisting of lumber in the core layer, but could be conservative for lay-ups utilizing LSL 
in the core since LSL is less susceptible to rolling shear. The perpendicular to parallel to 
grain relationship for modulus of elasticity is a typical relationship used for wood; 
however, of the SPFs lumber used the majority appears to be Red Spruce. Therefore, 
instead of the typical divisor of 30 for parallel to perpendicular to grain modulus of 
elasticity, 17.58 was used based on tabulated properties for Red Spruce given in Bodig 
and Jayne (1982).  
4.2.  Lumber Testing 
 A lumber characterization was done for all spruce boards by E-rating each board 
that could potentially be used to manufacture CLT to determine each board’s properties, 
such as dimensions, specific gravity, density, moisture content and MOE. The E-rating 
allowed a tolerance to be set on MOE. For example, it was known that the V2 CLT grade 
has an MOE of 9.65 GPa, so this MOE value could be used as the bar for quality of 
lumber to be used in CLT manufacturing. Further, knowing the range of MOE values for 
both SPFs and LSL, could allow the selection of SPFs boards to achieve a custom CLT 
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grade. Rating the lumber for a tolerance would be easily achievable for a mill and could 
allow them to add value to their product by having the higher grade of SPFs separated. 
Further, by setting a lower limit for board MOE, quality of the CLT to be manufactured 
would be assured through removal of lower-quality boards. Finally, and most important 
for the research reported here, knowing the MOE of each LSL and SPFs board allows for 
more accurate modeling and data analysis.  
4.2.1.  Dynamic E-Rating Setup and Methods 
 The dynamic E-rating process was set up as shown in Figure 4.1. Each board was 
E-rated at a span length of 3 m, 50.8 mm less than the typical length of the boards. One 
support was a knife edge and the other a pin point connected to a small load cell. This 
load cell was hooked up to the Metriguard Model 340 E-Computer, which was run by a 
personal computer. The load cell measured the weight and specific gravity of the board 
once placed on the supports, and after being loaded would read the vibration wave 
lengths to calculate the board’s frequency and dynamic MOE.  
 
Figure 4.1: Dynamic E-rating Setup 
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 After calibrating the load cell and span length and fixing the location of the 
supports, the process for E-rating a typical board began with inputting the typical board 
dimensions and weighing the board to cross compare with the Metriguard. The piece of 
lumber or LSL was then precisely centered on the supports having exactly one inch of 
overhang from the load cell pin point. Next, the dimensions of the board were gathered 
with a digital caliper, the grade of the board was recorded, and defects such as wane or 
knots recorded and the moisture content obtained with a Delhorst J2000 pin moisture 
meter. The Metriguard board weight and specific gravity were then recorded.  
 Once these measurements were made, the board was lightly tapped at mid-span. 
This would cause the vibrations which the load cell would read and once the vibrations 
became steady after a few seconds, the Metriguard E-Computer would read the frequency 
to calculate and display the dynamic MOE. Both of these values were recorded. To cross 
check with the Metriguard E-Computer, every 10th board was also statically E-rated. This 
was done by adding a known weight to the mid-span of the board, allowing a few 
minutes for it to settle, measuring the deflection with a dial gauge to be recorded and 
calculating modulus of elasticity for a point load at mid-span.  
4.2.2.  Results and Discussion 
 After measuring the dynamic MOE for 937 SPFs and 736 LSL boards, the 
averages for MOE, specific gravity, density and moisture content were tabulated. The 
compiled results are shown in Table 4.6.  
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Table 4.6: Summary of Results from E-Rating 
 Avg. MOE
4 
(GPa) 
Stdev 
(GPa) 
COV 
(%) SG
3 Density
5 
(kg/m3) 
MC 
(%) 
SPFs 11.05 2.162 19.6 0.42 479.0 14.5 
LSL 9.16 0.47 5.1 0.68 717.6 5.06 
NDS (SPFs)1 7.58 – 8.27   0.36   
WH (RS)2 11.45   0.40   
WH (BF)7 10.00   0.35   
ESR-24038 9.31   0.50   
Note:  1 SPFs values from the 2012 NDS (E = 7.58 GPa for No.2, 8.27 GPa for No.1) 
(American Wood Council, 2012). 
 2 Red Spruce values for clear specimens at MC = 12% from the 2010 Wood 
Handbook (Forest Products Laboratory, 2010). 
 3 Oven dry at the recorded moisture content. 
 4 Average MOE values adjusted to static MOE and 12% moisture content. 
 5 At reported moisture content.  
 6 Determined from oven drying samples.  
 7 Balsam Fir values for clear specimens at MC = 12% from the 2010 Wood 
Handbook (Forest Products Laboratory, 2010). 
 8 The reported values for 1.35E LSL in the ESR-2403 product report (ICC 
Evaluation Service, 2015).  
 
 From the dynamic E-rating, the average modulus of elasticity of the SPFs was 
found to be 11.03 GPa and 9.17 GPa for LSL. These values were adjusted to static MOE, 
which from the every 10th board static check, the static MOE was found to be 
approximately 95% of the dynamic MOE. These values were also adjusted to 12% 
moisture content using procedures in ASTM D1990, so that these values could be directly 
compared to those reported in the 2012 NDS and ESR-2403 LSL product report (ASTM, 
2014).  
 As can be seen, the MOE value determined for the SPFs was 33% higher than the 
value reported for SPFs No.1 in the 2012 NDS. Additionally, the specific gravity value 
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found was 16.7% higher as well. It should be noted that only 4.2% of the SPFs boards E-
rated had a No.1 grade stamp, however, most of the boards visually appeared to be 
spruce. Comparing these values to those tabulated in the 2010 Wood Handbook, which 
are clear specimens, the SPFs MOE and specific gravity were found to be higher than 
those for Balsam Fir. When compared to the tabulated Red Spruce values, the determined 
MOE value was only 3.6% less and the specific gravity value was 5% more. Recall that 
the majority of the SPFs from the mill appeared to be Red Spruce, which is one of the 
species harvested in the region. Thus, the quality of the SPFs was concluded to be better 
than expected. The LSL was determined to have a 1.5% lower MOE value than that 
stated in the ESR 2403 LSL product report. The specific gravity value was determined to 
be much higher, but this value is stated to be 0.50 or greater in the product report.  
 From the materials E-rated, the first 735 SPFs and 455 LSL boards from the first 
stage of two for E-rating were used to develop histograms, Figures 4.2 and 4.3, to 
determine the allowable lower limit MOE for SPFs to use and to see how the values were 
distributed in the MOE range.  
 
Figure 4.2: Histogram for SPFs MOE values from E-rating adjusted to 12% MC. 
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Figure 4.3: Histogram for LSL MOE values from E-rating adjusted to 12% MC. 
 From the histogram in Figure 4.3 and the coefficient of variation value of 5.1% 
for LSL in Table 4.6, one can see that the LSL had consistently similar properties with a 
tight MOE distribution, having 97% of the MOE between 8.34 GPa and 10.34 GPa. In 
contrast, the SPFs can be seen in Figure 4.2 to have a wide distribution of MOE values. 
This is due to the variability of wood, which would be much less for the engineered LSL 
product. The SPFs MOE histogram peaks at the average of 11.03 GPa and then trends 
down for both higher and lower MOE values, with values as high as 17.33 GPa and as 
low as 2.51 GPa. However, the histogram displays an apparent tail at the lower end of the 
distribution. With one of the purposes of dynamically testing for MOE, the lower limit 
for MOE to use was set at 6.89 GPa, which would remove the lower 5% of the boards in 
the histogram above and effectively remove the lower tail of the data. The removal of the 
lower 5% was selected for several reasons. First, it was a threshold that allowed for 
keeping majority of the lumber for use in CLT, most of the boards removed would be 
Balsam Fir. Further, this threshold could be plausibly used by mills. Finally, the 6.89 GPa 
limit would increase the SPFs MOE average of the boards used for manufacturing CLT to 
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be greater than the target V2 CLT grade value of 9.65 GPa. With the lower 5% of the 
SPFs MOE data removed, the average MOE increased to 11.35 GPa, decreased the 
standard deviation to 1.73 MPa and the coefficient of variation to 15.2%. 
 Once this threshold was set, the lower 5% MOE data was removed for SPFs and 
the LSL and SPFs were compared to one using probability density functions (PDF), 
which can be seen in Figure 4.4. As expected, the PDF shows a tight distribution for LSL, 
corresponding to the low coefficient of variation associated with the engineered wood 
and a wide distribution for the SPFs, corresponding to the coefficient of variance of 
18.8%. It was thought that with LSL having a higher average density than the SPFs by 
33% that the average MOE would coincide, however, as can be seen from the PDF, the 
majority of the SPFs MOE distribution is above that of the LSL. From this it can be 
concluded that the lighter local Red Spruce used in this study, while more variable in 
nature, typically has a higher MOE than 1.35E LSL. 
 
Figure 4.4: Probability Density Functions for LSL and SPFs MOE E-rated values. 
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CHAPTER 5 
CLT PANEL MANUFACTURING 
5.1. Materials 
 Three materials were used for manufacturing CLT: Spruce-Pine-Fir (South) 
(SPFs), laminated strand lumber (LSL) and a polyurethane adhesive. The SPFs was No.2 
and better and the board dimensions were 38 mm x 184 mm x 3 m. The lumber was 
obtained from Pleasant River Mill in Dover-Foxcroft, ME and was kiln dried. From the 
lumber characterization described in Chapter 4, the local SPFs used appeared to consist 
primarily of Red Spruce with some Balsam Fir.  
 The LSL was grade 1.35E and was obtained from Louisiana-Pacific Corporation 
in Houlton, ME. The LSL board’s dimensions were also 38 mm x 184 mm x 3 m and the 
LSL did not have the typical wax coating the edges in order to allow for edge bonding if 
desired. Sheets and slabs of LSL were also ordered, and were grade 1.35E. Both were 
ordered for two directions: parallel strands running length wise, machine direction, and 
perpendicular strands running length wise, cross machine direction. The LSL sheets in 
the machine direction were approximately 38.1 mm x 1.35 m x 2.44 m and 38.1 mm x 
1.35 m x 2.63 m in the cross machine direction. The LSL slabs in the machine direction 
were approximately 105 mm x 1.22 m x 2.44 m and 105 mm x 1.22 m x 2.44 m in the 
cross machine direction. Both the LSL sheets and slabs were cut from 2.4 m x 19.5 m 
panels of LSL at their respective thicknesses. As a result, some LSL sheets and slabs had 
dimensions exceeding 1.32 m in width or 2.54 m in length because they included the 
 57 
 
rough strand edges from pressing the strands into LSL form. These rough edges were 
later removed to ensure a uniform material density for both the sheets and slab.  
 The liquid adhesive used for all CLT manufacturing was PURBOND HB E452, 
which was supplied by Henkel Corporation. PURBOND HB E452 is single-component 
polyurethane adhesive that requires no admixtures. PURBOND HB E452 was designed 
as a structural adhesive to be used for finger joints or face gluing laminations for 
manufacturing engineered wood products. The adhesive has a density of approximately 
1150 kg/m3 (Purbond, 2009). PURBOND HB E452 was applied as a single layer; spread 
rates are discussed later in this chapter. 
5.2.  Conditioning 
 As required by ANSI/APA PRG 320-2012, lumber used to manufacture CLT 
must be 12  3% moisture content and structural composite lumbers must be 8  3% 
moisture content (American National Standard Institute & APA - The Engineered Wood 
Association, 2012). For the PURBOND HB E452 polyurethane adhesive it is also 
recommended to use 12% moisture content for laminations for an ideal bond (Purbond, 
2009). In addition, the CLT Handbook recommends that a moisture content difference no 
greater than 5% between materials used to manufacture CLT (FPInnovations & 
Binational Softwood Lumber Council, 2013). These requirements and recommendations 
are designed to ensure good bond quality.  
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 During the E-rating process where each board was measured for moisture content 
with a Delhorst J2000 pin moisture meter, the kiln dried SPFs was found to have an 
average moisture content of 14.5% and the LSL was found to be 5%. Therefore, materials 
were conditioned to meet the requirements for CLT manufacturing.  
 These materials were conditioned in three batches, two of SPFs and one of LSL, 
in a Nyle Corp. dehumidification dry kiln with a 5000 board foot capacity. The SPFs was 
conditioned at a dry bulb temperature of 48.9°C (120°F), a wet bulb temperature of 
39.4°C (103°F), with 55% relative humidity and with a target equilibrium moisture 
content of 9.0%. The LSL was conditioned at a dry bulb temperature of 48.9°C (120°F), a 
wet bulb temperature of 43.3°C (110°F), with 72% relative humidity and with a target 
equilibrium moisture content of 12.1%. In each kiln cycle, 0.51 m long moisture content 
sample boards were used to track the change in moisture content of the materials over 
time. In Figure 5.1, the dehumidification dry kiln can be seen with a SPFs moisture 
content sample board laid in front on the right.  
 
Figure 5.1: The dehumidification dry kiln nearly full with SPFs with a moisture content 
sample board shown on the right. 
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 The objective of conditioning was to bring the materials to within 3% moisture 
content of each other to encourage good bond quality. The SPFs was conditioned for 5 
days and was removed from the kiln when the lumber’s moisture content was measured 
to be 10.8%. The LSL was conditioned for twenty-seven days. The additional time was 
required due to its higher density. The LSL’s final moisture content was 9.4%, bringing 
the average moisture content difference between the SPF and LSL to 1.4%.  
5.3.  Spread Rate Study 
 When the preliminary CLT testing was conducted, the PURBOND HB E452 
product report being used was a draft, because the adhesive was still being prepared for 
the market. The preliminary adhesive data sheet recommended a spread rate of 
approximately 195 g/m2. Once the final report was obtained, the recommended spread 
rate was lowered to of 100 - 180 g/m2 (Purbond, 2009). Given the extent of this range, the 
optimum spread rate for manufacturing CLT with both SPFs and LSL was independently 
determined. 
 To determine the optimum spread rate, ASTM D905 block shear testing was 
conducted to compare the effects of different adhesive spread rates. Four different spread 
rates were tested (98, 122, 146 and 171 g/m2) for three different lay-ups: SPFs to SPFs, 
SPFs to LSL and LSL to LSL. For each spread rate and interaction type, a 127 mm x 305 
mm two layer lamination specimen was made. From each lamination specimen, ten shear 
block samples were produced according to ASTM D905, resulting in 120 test samples 
(ASTM, 2008).  
 
 60 
 
 The lumber selected was previously conditioned and had minimal defects. Prior to 
being cut to the dimensions stated above, each board was planed until the resulting 
thickness was 19 mm. Next, one of the two boards to make each lamination was tared on 
a scale, and the set amount of adhesive was weighed out and spread with a trowel. The 
appropriate pair board for each interaction type was then placed on the adhesive coated 
board and the lamination labeled for spread rate and interaction type. This process can be 
seen in Figure 5.2. 
 
Figure 5.2: Preparation of the ASTM D905 laminations. 
 The lamination specimens were pressed at 1034 kg/m2 for two hours, per the 
adhesive product standard (Purbond, 2009). The specimens were conditioned at 21.4°C, 
with a relative humidity of 47.4% for seven days according to ASTM D905 (ASTM, 
2008). After being conditioned, ten shear block samples were cut and labeled from each 
lamination specimen. Dimensions and shear area of each shear block sample were 
recorded. These samples were then sheared in the block shear setup as shown in Figures 
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5.3 and 5.4. Shear load at failure, shear stress and percentage of wood failure was 
recorded for each sample. The percentage of wood failure was determined using methods 
outlined in ASTM D5266, rounding to the nearest 5% (ASTM, 2013). Once tested, the 
broken segments were weighed, oven dried at 105°C for 3-5 days and weighed again to 
determine the moisture content of each laminated specimen.  
 
Figure 5.3: The ASTM D905 shear block testing setup with a SPFs-SPFs shear block in 
place. 
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Figure 5.4: A LSL-LSL shear block being sheared. 
 The results in Table 5.1 indicate that the SPFs-SPFs lay-up had the highest 
average shear stresses at failure and the highest average percentage of wood in the failure 
plane for the four spread rates, with the exception of 146 g/m2. This was most likely due 
to the polyurethane adhesive adhering better to the wood fibers. The SPFs-LSL and LSL-
LSL lay-ups behaved similarly, with both producing the highest average shear stresses 
with a spread rate of 146 g/m2. The percentage wood failure for the SPFs-LSL lay-up 
increased as the adhesive spread rate increased. Note that any excess adhesive was 
squeezed out during pressing. The LSL-LSL lay-up had the lowest percentages of wood 
in the failure plane, with the exception being at a spread rate of 146 g/m2, where the 
average percentage wood failure jumped to 96%. These low percentages of wood failure 
values were due to not spritzing the LSL before applying the adhesive. The added 
moisture helps moisten the surface of the wood so that the adhesive spreads better to coat 
the surface area more efficiently and thus creates a better bond. The LSL-LSL lay-up 
clearly showed that with an increase in adhesive spread rate there was an increase in 
shear stress, for this particular lay-up. This could have been due to the coarse texture of 
the LSL, where more adhesive was helpful in filling gaps between wood strands.  
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Table 5.1: ASTM D905 Shear Block Testing Summary of Results 
Lay-Up Spread Rate (g/m2) 
Avg. Shear 
Stress1 (MPa)
Stdev 
(MPa) 
COV 
(%) 
% Wood 
Failure 
MC3 
(%) 
SPFs - SPFs 98 11.1 0.61 5.5 98 11.9 
SPFs - SPFs 122 11.6 0.68 5.9 90 11.2 
SPFs - SPFs 146 9.4 0.79 8.4 100 11.7 
SPFs - SPFs 171 10.2 1.27 12.5 98 11.9 
SPFs - LSL 98 8.5 1.66 19.5 75 6.4 
SPFs - LSL 122 9.02 1.83 20.4 88 6.7 
SPFs - LSL 146 10.0 1.14 11.5 91 6.4 
SPFs - LSL 171 8.8 1.03 11.7 98 6.5 
LSL - LSL 98 8.3 0.85 10.2 76 6.0 
LSL - LSL 122 8.1 0.92 11.3 57 6.1 
LSL - LSL 146 9.5 1.19 12.5 96 6.1 
LSL - LSL 171 9.9 1.66 16.8 73 6.1 
Note:  1 Average shear stress values were based on a sample size of 10. 
 2 Sample size of 9, one sample was broken while being placed into the setup.  
 3 Average specimen moisture content values.  
 
 From these results, the optimal adhesive spread rate that produced the best 
average shear strengths and percent wood failures when looking at both LSL and SPFs 
was 146 g/m2. Shear block specimens with this spread rate produced the highest percent 
wood failures for the SPFs-SPFs and LSL-LSL lay-ups, the second highest percent wood 
failure for the SPFs-LSL lay-up, the highest average shear stress for the SPFs-LSL lay-up 
and the second highest average shear stress for the LSL-LSL lay-up. This became the 
target spread rate during manufacturing of the CLT panels. It is noted that a spread rate of 
approximately 205 g/m2 was used for the two CLT panels using unconditioned materials 
that were manufactured for preliminary testing and there were no failures due to the bond 
strength.  
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5.4.  Lay-up Process 
 Seven three-layer CLT panels with approximate dimensions of 105 mm x 1.32 m 
x 2.45 m were manufactured by hand for each of the six lay-ups in accordance with the 
chapter on CLT manufacturing, Chapter 2, of the CLT Handbook (FPInnovations & 
Binational Softwood Lumber Council, 2013). Five panels were laid up in the major 
strength direction and two in the minor strength direction, with the top face boards being 
perpendicular to the panel length.  
5.4.1. Trial Manufacturing 
 First, three trial three-layer CLT panels were manufactured out of unconditioned 
SPFs. The purpose of this exercise was to practice CLT manufacturing before using the 
conditioned materials and to resolve any issues with the CLT hand manufacturing process 
before laying up the panels to be tested. The process used for manufacturing will be 
described in the following sections and therefore, the lessons learned and changes to the 
manufacturing process made will be focused on in this section. 
 The first two trial panels were manufactured with a spread rate of 195 g/m2, 
including loss from the containers and putty scrapers used. The first panel was 1.32 m x 
2.54 m, had specified grain concavity for each layer and was laid up by hand without side 
pressure being applied. The grain concavity requirement was that the top face and core 
layer boards were concave down and the bottom face concave up. This was done based 
on a study by Hochreiner et al. (2014) who found that CLT plates are stiffer with the core 
boards’ annual ring configuration oriented concave down, which is similar to the 
orientation of boards used to manufacture glulam beams. 
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 The second panel was 1.32 m x 2.44 m and was side pipe clamped. This 
comparison was done because the CLT Handbook recommends side clamping at the same 
time as vertical pressing in order to reduce gaps in the face layers. Gaps in the core layer 
are not an issue, but gaps in the longitudinal face layers can reduce strength and stiffness 
due to less material in the faces. Therefore, the two panels were made to see how large 
the gaps were in comparison for hand laid up versus side clamped. The first, hand laid 
panel was similar to the CLT panels from preliminary testing, which had gaps as wide as 
12.7 mm between longitudinal boards and layer overhangs on the edges as large at 15.9 
to 19.1 mm. With the addition of side clamping, which was applied only to the width of 
the panel using wood blocks to disperse the pressure along the full thickness of the panel, 
gaps in the longitudinal face layers were reduced to smaller than 6.4 mm, most appearing 
to be no more than 3.2 mm. In addition, the edges of the clamped panel were much 
cleaner than the hand laid panel, meaning there were less overhangs and therefore less 
trimming was required.  
 Given the increased longitudinal layer gap control, side clamping was used for the 
CLT manufacturing process. The only issue with side clamping was that to add the side 
clamps, 101.6 mm had to be taken off the panel length in order to fit the clamps into the 
press, which then reduced the length of the bending specimens by about 25.4 mm. 
However, since less trimming was needed from side clamping, it was considered possible 
to bring the total length of the bending specimens to 2.44 m if 12.7 mm was added to the 
length of the panel when it was laid up.  
 Additionally, during the trial manufacturing a few boards had to be ripped in 
order to get the exact lengths of 2.54 m and 1.32 m, since 8 x 0.18 m = 1.47 m, so 0.15 m 
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had to be ripped off of a board in each face layer in order to reduce the width to the 
needed value. These narrower boards were place in the middle of the second panel in 
order to randomize their effects, however, by doing this the panel no longer met grade 
since the boards were no longer nominal 38 mm x 184 mm. To meet grade, for 
uniformity, consistency and to reduce error, these thinner boards were placed on the 
edges of the panels and only one ripped board was used per layer. One more trial panel 
was then made to assess the effects of these changes. This panel was 1.32 m x 2.45 m, 
side clamped, had a spread rate of 171 g/m2 including loss and with the specified grain 
concavity.  
5.4.2. Lumber Selection 
 The first step in the manufacturing of each CLT panel was lumber selection. The 
necessary number of SPFs and/or LSL boards was gathered to make one 105 mm x 1.32 
m x 2.45 m panel for either the major or minor strength direction. The LSL boards were 
inspected for damage or irregularities, such as having a lesser thickness at one end of the 
board from being at the edge of the pressed LSL sheet from the manufacturer. The SPFs 
boards were individually inspected, as shown in Figure 5.5, and selected to ensure a 
quality CLT panel was made. This selection process included the avoidance of excessive 
warping, twisting, bowing or cupping. These conditions caused larger than desired gaps 
in the face layers and caused movement of panel layers when being pressed from the 
boards being flattened under pressure. Twisted or cup boards can also crack after being 
put under pressure. In addition, other physical defects such as large knots, significant 
wane and damage were avoided that would decrease the quality and structural 
performance of a panel.  
 67 
 
 
Figure 5.5: Inspection of a SPFs board for quality and defects. 
5.4.3. Board Preparation 
 Once the lumber was selected, the boards were cut to the appropriate lengths for 
the parallel and perpendicular layers using a miter saw. The longitudinal boards were cut 
to a length of 2.45 m and the shorter, cross ply direction boards were cut to be 9.52 mm 
shorter than 1.32 m. The cross ply boards were cut shorter than the panel width of 1.32 m 
to allow for better side clamping of the face layers to reduce gap sizes in the those layers. 
After being cut to length, each board’s E-rating number was labeled on each end. The 
board preparation process can be seen in Figure 5.6 and the prepared lumber for a lay-up 
C LSL-LSL-LSL major strength direction three layer CLT panel can be seen in Figure 
5.7.  
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Figure 5.6: Board preparation for a lay-up C CLT panel.  
 
Figure 5.7: Lay-up C prepared boards for a major strength direction panel.  
5.4.4. Planing 
 Next after board preparation, each board was planed to create a fresh surface for 
adhesive application and a good bond. 1.59 mm was removed from each face of every 
board using a 0.61 m wide industrial planar, shown in Figure 5.8. After planing the first 
face of a board, the thickness was measured to ensure that after planing the second face 
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the final board thickness of every board was 34.93 mm. The thickness of each board 
being consistent was important to provide a constant CLT panel thickness so that the 
panel was under a uniform pressure when being pressed. Note that the lay-up F panels, 
105 mm thick LSL slabs, were not planed since no adhesion was required.  
 
Figure 5.8: Planing of an LSL board.  
5.4.4.1. LSL Sheet Surface Preparation 
 For lay-up D with 35 mm thick LSL sheets for both strength directions, the sheets 
of LSL could not be planed at the ASCC because the planer was only 0.61 m wide and 
sheets were at least 1.22 m wide. There were two options considered for surface 
preparation of the LSL sheets to encourage good bond strength. The first was for the LSL 
manufacturer to plane the sheets ahead of time so they were the correct thickness and use 
them as such without the surface being fresh. The second was for the LSL manufacturer 
to plane the sheets ahead of time and then lightly hand sand the LSL sheets with 220 grit 
sand paper, blow drying the sheet faces and wiping them off with a tack cloth prior to 
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laying up the CLT. Typically, each board was planed within one hour before the adhesive 
was applied. The adhesive supplier recommended that for the lumber surface to be 
considered fresh and to have good bond strength, the polyurethane adhesive needed to be 
applied within one to two hours after planing, but that the sooner the better. To determine 
the best option for surface preparation of the LSL sheets, an ASTM D905 block shear 
study was done to test the bond strength of LSL with the different surface preparations.  
 ASTM D905 shear block tests were conducted for thirty LSL-LSL blocks with the 
following surface preparations: (10) freshly planed, (10) not fresh, but planed 30 days 
prior, (10) planed 30 days prior but lightly sanded and wiped with a tack cloth 
immediately prior to bonding. In addition, 50% of the test specimens were vacuum 
pressure soaked in accordance with Section 7.16 of PS-2-10, an OSB standard (U.S. 
Department of Commerce, 2011). The block shear specimens were made and tested in the 
same manner as was explained for the spread rate study in Section 5.3. The specimens 
were conditioned at 21.3°C with 48.9% relative humidity for seven days prior to testing.  
 The results from the ASTM D905 shear block tests are summarized in Table 5.2. 
From these results, it was found that the freshly planed surface treatment had the lowest 
average shear stress at failure. However, the sanded and fresh surface specimens had the 
highest averages for percent wood failure.   
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Table 5.2: Comparison of LSL-LSL Surface Interaction with Regards to Surface 
Preparation 
Lay-up Days Since Planed  
Surface 
Quality 
Spread 
Rate (g/m2) 
Avg. Shear 
Stress (MPa) 
COV 
(%) 
% Wood 
Failure 
MC 
(%) 
LSL-LSL 0 Fresh 146 7.0 20.7 94.0 7.9 
LSL-LSL 30 Not Fresh 146 10.0 14.6 87.5 7.4 
LSL-LSL 30 Not Fresh and Sanded 146 8.9 10.8 94.0 7.5 
 
 For vacuum pressure soaking, half of the specimens for each condition were 
vacuum pressure soaked in a vacuum of 381 mm of mercury for 30 minutes using water 
initially at 43.3°C. After this vacuum cycle the vacuum was released and the specimens 
were soaked at atmospheric pressure for another thirty minutes. Then, the specimens 
were oven dried for 15 hours at 82°C.  
 The results from the ASTM D905 shear block tests after vacuum pressure soaking 
and drying half of the specimens are summarized below in Table 5.3. These results show 
that the sanded surface specimens had the highest average shear stress and average 
percent wood failure. It was counterintuitive that the fresh surface specimens did not 
result in the highest averages for shear stress and percentage wood failure.  
Table 5.3: Comparison of LSL-LSL Surface Interaction with Regards to Surface 
Preparation for Specimens after Vacuum Pressure Soaked and Dried 
Lay-up 
Days 
Since 
Planed 
Surface 
Quality 
Spread 
Rate (g/m2) 
Avg. Shear 
Stress (MPa) 
COV 
(%) 
% 
Wood 
Failure 
MC 
Change 
(%) 
LSL-LSL 0 Fresh 146 6.3 8.5 82.0 2.3 
LSL-LSL 30 Not Fresh 146 7.1 3.5 96.3 2.7 
LSL-LSL 30 Not Fresh and Sanded 146 7.6 16.0 100.0 2.7 
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 For wood adhesives, if the shear stress is greater than 6.9 MPa the bond is 
generally considered acceptable for structural applications (D. Gardner, personal 
communication, July 21, 2015). A possible reason for why the fresh surface specimens 
did not perform better after the vacuum soaking and drying cycle was that the water 
spritzed on each LSL board effectively freshened the surface, so that time after planning 
was not an issue. From these results, it was determined that the surface preparation to be 
used for the LSL sheets was planing ahead of time, lightly sanding, blowing the sheet 
faces off, using a tack cloth to clean the surfaces, and the sheets must be spritzed with 
water.  
5.4.5. Panel Lay-up Process 
 Once the boards were cut to length and planed, the CLT panel was laid up within 
one to two hours after planing the boards to ensure a fresh surface for the adhesive. A 
1.32 m x 2.54 m steel call sheet covered in release paper was used to lay the panel up on. 
The call sheet was placed on top of a lift table with a ball bearing roller top to slide the 
CLT panel into the press. To make the faces 1.32 m wide and the core 2.54 m long, one 
board for each layer was ripped to a measured width, once the layer was laid out, to make 
each layer the same width and length and to ensure the panel was square.  
 As the initial step in the lay-up process, the average moisture content of three core 
and face layer boards was measured with a pin moisture meter and the averages recorded. 
Then, the bottom face layer boards were laid out and aligned with the lumber being 
concave up if the face material was SPFs. Two boards were selected at random to 
measure and record their surface areas and weights. The first layer of boards was then 
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spritzed with water, using just enough to make the surface of the boards moist. Next, as 
shown in Figure 5.9, 544 g of PURBOND HB E452 polyurethane adhesive was poured 
onto the first layer and was spread parallel to the wood grains with 203 mm wide putty 
scrapers at a target spread rate of 146 g/m2, with the measured weight including loss. The 
loss included adhesive remaining in the beaker and on the scrapers. The two weighed 
boards were then weighed again so that the spread rate could be calculated. The average 
spread rate based on data taken from manufacturing all of the CLT panels was 147 g/cm2.  
 
Figure 5.9: Applying adhesive to the bottom face layer. 
 Then, as pictured in Figure 5.10, the core layer boards were carefully placed onto 
the bottom layer with the boards being concave down, perpendicular to the previous layer 
and keeping the boards aligned at one corner of the panel. This corner was later used to 
square the panel up to for trimming.  
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Figure 5.10: Laying down the core layer and spritzing. 
 Next, the boards were spritzed and another 544 g of PURBOND HB E452 
polyurethane adhesive was poured onto the core layer. Lastly, the top face layer of boards 
was laid down perpendicular to the core layer boards with the boards being oriented 
concave down. Additionally, with the slender longitudinal edge board pieces usually 
being about 35 mm wide, they had a tendency to bow out and therefore were screwed 
into the adjacent board at midspan with a small wood screw to hold them in place. 
 Once the CLT panel was assembled, pipe clamps were used to reduce the size of 
gaps between boards in the longitudinal layers on each side of the panel for the major 
strength direction panels, which can be seen in Figure 5.11. 102 mm x 102 mm wood 
blocks were used keep the clamps from pressing directly on the CLT panel and to 
disperse the side pressure being applied to all three layers to limit gaps. The target board 
gap tolerance used for face layers when side clamping was 3.18 mm. Board and panel 
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dimensional tolerances followed the requirements specified in ANSI/APA PRG 320-2012 
(American National Standard Institute & APA - The Engineered Wood Association, 
2012).  
 
Figure 5.11: Side clamping the major strength direction CLT panels.  
 For the minor strength direction CLT panels, pipe clamps could not be used 
because there was not enough room in the press to use clamps in the longitudinal 
direction. To apply pressure to reduce the gaps between boards, two ratchet straps were 
then used around the perimeter of the panel, as shown in Figure 5.12. 102 mm x 102 mm 
wood blocks were placed on either side of each corner to disperse the pressure from the 
ratchet straps and to keep the straps from adhering to the panel. Neither pipe clamps nor 
ratchet straps were needed when fabricating lay-up D, which contained LSL sheets 
having the same dimensions of the full panel. 
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Figure 5.12: Ratchet strapped minor strength direction panel. 
 Each panel was then slid into the press and centered with a sheet of release paper 
placed on top. A fully prepared major strength direction lay-up E panel can be seen in 
Figure 5.13 just prior to being pressed. Note that for each CLT panel the adhesive had an 
open assembly time limit of 45 minutes before it began to kick. The adhesive was applied 
and the boards pressed within this limit for each panel made. The total lay-up time for 
one CLT panel before being pressed, including board selection, preparation, planing and 
the lay-up process, was typically 3 hours.  
 
Figure 5.13: Major strength direction lay-up E panel in the press.  
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5.4.6. Pressing  
 Each panel was pressed at 1034 kPa for 2 hours, in accordance with the adhesive 
product standard (Purbond, 2009), using an Erie Mill and Press 1800 ton 1.22 m x 2.44 m 
press. Once pressed, the CLT panels were taken out of the press, inspected for any 
defects, labeled and placed on a fully supported surface for 12 hours in order for the 
adhesive to develop its full bond strength. Defects noted included any delamination, 
panel damage, board gap measurements and any movement of boards or layers while 
pressing.  
5.4.7. Recommendations and Conclusions 
 Overall, the quality of the CLT panels manufactured met the requirements laid out 
in ANSI/APA PRG 320-2012 (American National Standard Institute, & APA - The 
Engineered Wood Association, 2012), with the exception of one lay-up A (SPFs-SPFs-
SPFs) major direction panel, which had a gap in the face layer that was 4.8 mm wide. The 
application of side pressure with pipe clamps and ratchet straps was essential to limiting 
gaps between boards and made the process of transferring panels into the press easier. In 
addition, selecting boards that had minimal warp, twist or bowing allowed for less gaps 
and less layer movement while the boards were pressed. CLT panels that contained LSL 
layers were found to take less time to manufacture and had consistently fewer and smaller 
gaps in the those layers. This was due to the uniformity of LSL, an engineered SCL. In 
comparing the use of LSL boards and sheets to manufacture CLT, LSL sheets took just 
over half the time to assemble prior to pressing. 
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 Some recommendations for manufacturing CLT by hand is to limit the amount of 
warped, twisted, or bowed boards used, as they shift the layers during pressing, cause 
board gaps and add time to adhesive application by not having a relatively flat surface. 
Applying side pressure greatly reduces the number and width of board gaps in the face 
layers. Adhesive should be applied as soon as possible after lumber has been planed for 
CLT manufacturing to ensure the best bond possible. When using an SCL such as LSL in 
CLT, spritzing the boards with water prior to adhesive application creates a fresh surface 
and allows for the adhesive to be spread more easily. An assembly line method is 
recommended for the lumber preparation and lay-up processes. During pressing, it was 
beneficial to have access to at least two sides of the panel being pressed, as the layers are 
susceptible to sliding, especially in the core where wet adhesive is present both above and 
below the layer. Manufacturing CLT by hand could be streamlined by using an adhesive 
extruding machine to apply the adhesive, which would also create a more uniform spread 
rate across the panel.  
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CHAPTER 6 
FOUR-POINT BEND TESTING 
6.1.  Introduction 
 Four-point bend quasi-static tests were performed on 105 mm x 305 mm x 2.44 m 
specimens cut from panels of each lay-up type and direction until failure in accordance 
with ASTM D198 (ASTM, 2014). The load bearing blocks were placed at third points of 
the 2.32 m span. The purpose of these tests was to determine the mechanical properties of 
each lay-up type for both the major and minor strength directions with the objective of 
determining the structural performance of SPFs and LSL in the varying three layer CLT 
configurations. 
 From the testing results, the elastic stiffness, shear stiffness and bending strength 
of each lay-up in both strength directions were calculated to compare with one another 
and the allowable bending capacities of the CLT grades in Table A2 of ANSI/APA PRG 
320-2012 (American National Standard Institute & APA - The Engineered Wood 
Association, 2012). The effects of LSL in CLT were also determined, with the 
expectation that the engineered SCL would increase bending capacity. The failure modes 
and manner in which failure occurs were also monitored for each specimen.  
6.2. Methods 
6.2.1. Specimen Preparation 
 Upon completion of CLT manufacturing, flexure specimens were cut from two of 
the major strength direction and two of the minor strength direction panels for each lay-
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up per the specimen cut up diagram shown in Figure 6.1. The CLT panels were first 
squared and then trimmed in the longitudinal direction with a 406 mm beam saw. Next, 
four approximately 105 mm x 305 mm x 2.44 m sections were ripped from each panel, 
with three of these sections being flexure specimens and the fourth being cut up as shown 
to make shear specimens, making sure to label each specimen and every board. For lay-
up D, containing LSL sheets which were already only 2.44 m long, after squaring and 
trimming the flexure specimens were 2.42 m long. This gave three flexure specimens 
from each of the two panels per strength direction per lay-up, resulting in the flexure test 
matrix shown in Table 6.1.  
 
Figure 6.1: CLT panel cut up diagram for major and minor strength direction flexure and 
shear specimens.  
 
Flexure 
305 mm x 2.44 m 
Shear 
305 mm x 722 mm 
Flexure 
305 mm x 2.44 m 
Flexure 
305 mm x 2.44 m 
1.22 m 
1.32 m 
2.45 m 
Shear 
305 mm x 722 mm 
Shear 
305 mm x 722 mm
2.44 m 
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Table 6.1: Number of Flexure Specimens per Lay-Up 
Lay-Up Major Strength Direction Minor Strength Direction 
A 6 6 
B 6 6 
C 6 6 
D 6 6 
E 6 6 
F 6 6 
 
6.2.2. Setup 
 The four-point bend quasi-static tests were conducted according to ASTM D198 
(ASTM, 2014). The setup used with a flexure specimen in place can be seen in Figure 
6.2. The supports used were a roller and pin support at a span length of 2.32 m. A 145 kN 
actuator was used for load application and set at a height to allow for 152 – 178 mm of 
deflection. Attached to the actuator was a spreader beam, which transferred the applied 
loads down to two clamped on 406 mm diameter load heads. These load heads were 
greater than 305 mm wide to prevent high-stress concentrations and were located at third 
points of the 2.32 m span. At the supports, a bearing length of 102 mm or greater was 
used to prevent the specimens from slipping. The end of each specimen was also rested 
on three 3.2 mm x 102 mm x 305 mm neoprene pads, which were centered on each 
support to prevent the specimen from bearing on the end of the bearing plates.  
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Figure 6.2: Four-point bending test setup. 
6.2.2.1. Instrumentation 
 Seven string potentiometers were attached to each specimen along its neutral axis 
to measure displacements. Their locations were over the centerline of each support to 
measure settlement, at the midspan of the specimen, under the center of each load head 
and halfway between the centerlines of each load head and support. The deflections 
measured at the midspan and under the load heads in the moment span were used to 
determine the elastic stiffness. The deflections measured between the load heads and 
supports were used to track the deflections in the shear spans. In addition to the string 
potentiometers, a digital image correlation system, ARAMIS, was used to measure the 
deflections and strain rates of a 1 m wide section centered between the load heads. An 
example of the ARAMIS setup can be seen in Figure 6.3.  
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Figure 6.3: ARAMIS setup for flexure testing.  
 As shown, the beam sections monitored by ARAMIS were painted flat white and 
then spray painted black to create a spread of 2.5 mm dots. These dots were tracked by 
images taken by two 2 megapixel cameras. The movement of these dots was used to 
determine deflections and strain rates. Lines were also drawn down the centerline of the 
beam and along the ply interfaces as reference points. Note that ARAMIS was not used 
for every test and that the data was collected but not used for the analysis of the CLT 
configurations. Instron was used for the load application and control. The purpose for 
using ARAMIS was to create videos to show the development of longitudinal and shear 
strains as the specimens were loaded.  
6.2.3. Testing Methodology 
6.2.3.1. Test Specimen Preparation 
 The specimens were tested in random order, mixing the major and minor strength 
direction specimens together. The testing order was determined by use of a random 
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number generator. Prior to load application, each specimen was weighed, put in place on 
the supports on the neoprene pads, centered and bearing and span lengths checked. Each 
specimen’s dimensions and the span length were recorded to three significant digits using 
a caliper. Any physical defects were noted, including damage, board gaps, manufacturing 
defects, large knots, checks, wane, warp, bowing and camber. Then pictures were taken 
of any noted defects and around the specimen to track the board numbers and their 
locations.  
6.2.3.2. Speed of Testing 
 A preliminary speed of testing was determined in accordance with methods in 
ASTM D1037 (ASTM, 2012) using a constant outer strain rate of 0.0010 mm/mm*min 
(ASTM, 2014). This load rate was then refined in order to achieve specimen failure for 
the multiple lay-up types within 6 – 20 minutes, with the target of failure after 10 minutes 
of loading (ASTM, 2014). After testing a few trial specimens, the constant load rate was 
determined to be 5.08 mm/min. However, this load rate was not suitable for the minor 
strength direction specimens, which had greater deflections and took more time to fail. 
Therefore, a constant load rate of 10.16 mm/min was used for the minor strength 
direction specimens, with the exception of the lay-up F, solid LSL, specimens, which 
failed around the 10 minute target failure time at a load rate of 5.08 mm/min.  
6.2.3.3. Loading Procedure 
 As was previously mentioned, a few trial specimens were tested in order to ensure 
the machine settings were correct and the desired data was obtained. Then, once a test 
specimen was prepared and the date, load rate and specimen label were recorded, the 
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string potentiometers were attached. Readings of the string potentiometer deflections 
were started to ensure that each string potentiometer was working properly. Once proper 
readings were confirmed, the ARAMIS recording system was turned on. After 
approximately 30 seconds to a minute of allowing these two instrumentation systems to 
record the specimen at rest, a 1.33 kN pre-load was applied to settle the supports. The 
load heads were then aligned on the specimen to ensure they were at the third points and 
were spanning across the entire width of the specimen. Loading was then commenced 
with Instron using relative ramp at the target load rates of 5.08 mm/min and 10.16 
mm/min for major and minor strength direction specimens, respectively. Each specimen 
was loaded past failure until the load dropped to 10% of the maximum load. An example 
of a lay-up D, LSL sheets, major strength direction and a lay-up A, SPFs-SPFs-SPFs, 
minor strength direction flexure specimen under load can be seen in Figures 6.4 and 6.5, 
respectively.  
 
Figure 6.4: Lay-up D major strength direction flexure specimen during load application. 
 87 
 
 
Figure 6.5: Lay-up A minor strength direction flexure specimen during load application. 
 After dropping to 10% of the maximum load, load application was ended and data 
acquisition was stopped for the string potentiometers and ARAMIS. The maximum load, 
time to failure, failure and maximum midspan string potentiometer deflections, failure 
mode and location, and manner in which failure occurred were then recorded and pictures 
taken of the specimen failure. After removing each broken specimen from the test fixture, 
a 105 mm x 305 mm x 25.4 mm cross-sectional slice was cut from the specimen at a 
location where failure did not occur, which was usually taken from one of the shear 
spans. The dimensions and weight of each cross-sectional slice were recorded. Each slice 
was then labeled with the date tested and its corresponding specimen label and oven dried 
at 105°C for at least 15 days. Once dried, each specimen cross-sectional slice was 
weighed again and the moisture content and specific gravity were calculated and 
recorded.  
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6.2.3.4. Testing Procedure Issues and Adjustments 
 Some issues that were resolved during testing were instrumentation failure, the 
absence of data acquisition, specimens bearing on the inner edge of one bearing plate, the 
roller support ceasing to roll out and tilted outward, and a few flexure specimens had 
varying widths. Two forms of instrumentation failure occurred. The first was that the 
computer that ran ARAMIS had a hardware failure at the commencement of flexure 
testing. This required a replacement to be found and the first few flexure specimens were 
tested without ARAMIS; however no two specimens of the same lay-up type from the 
same panel were tested without ARAMIS to ensure sufficient data was obtained.  
 The second instrumentation failure was due to human error, where the actuator 
was turned off while a lay-up E minor strength direction flexure test specimen was being 
prepared. This caused the actuator’s hydraulics to turn off and release the weight of the 
actuator, spreader beam and load heads down onto the specimen, which exceeded the 
load capacity of the specimen and caused the specimen to fail. Load data was not taken 
for the first three flexure test specimens due to the analog cables that inputted the load 
applied from Instron to the computers measuring the string potentiometer deflections and 
running ARAMIS being unknowingly disconnected after the trial tests. Inputting the load 
from Instron was essential to correlate the load and deflection data at the proper time of 
occurrence.  
 A common error was for specimens to bear on the inner bearing plate edge of the 
roller support, which occurred for 14 minor strength direction specimens and was due to 
high deflections. The first cause was the specimens not having enough clearance over the 
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bearing plate to allow for curvature during loading. When testing had begun only one 3.2 
mm thick neoprene pad was placed between the support bearing plates and the end of 
each specimen. This was increased to three neoprene pads at each end, which prevented 
bearing on most flexure specimens, except for some minor strength direction specimens, 
especially those of lay-up A which had in the highest deflections. For these specimens, 
the deflections were so large that sometimes the roller plate for the roller support reached 
its maximum lateral movement outward and the bearing plate would rotate 
counterclockwise, tilting the bearing plate outward and causing bearing. An example of 
this can be seen on the left hand side of Figure 6.6, where the roller bearing plate tilted 
just before failure for a lay-up E minor strength direction specimen.  
 This issue was resolved, as shown in Figure 6.7, by pushing the bearing plate and 
roller for the roller support inward as much as possible, while still keeping the bearing 
pads and end of the specimen centered over the support before applying load on minor 
strength direction specimens. This adjustment allowed for more movement of the roller 
during load application and ceased bearing of the bearing plate on specimens. Bearing 
was not desirous and prevented because by a specimen bearing on the inner edge of a 
bearing plate, the span length of the specimen was reduced and the load capacity was 
then artificially increased by using a higher span length value in determination.  
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Figure 6.6: Roller bearing plate tilting counterclockwise during loading of a lay-up E 
minor strength direction flexure specimen (seen on left). 
 
Figure 6.7: Shift in roller and bearing plates to prevent bearing.  
 In addition, three flexure specimens, two lay-up D major strength direction and 
one lay-up F minor strength direction, had varying widths along the lengths of the beams. 
The widths varied as much as 19.6 mm. This was due to movement of the fence used 
while cutting up the CLT panels specimens and causing an angled cut. For one specimen, 
 91 
 
this was resolved by cutting the entire specimen to a width less than 305 mm and then 
adjusting the stresses and stiffness results to a 305 mm width. The other two specimens 
were tested with their linear changes in width and had the load data corrected from their 
average widths to 305 mm. The last specimen tested of the three with varied widths was 
cut to have a constant width per a recommendation for increased accuracy.  
6.3.  Results and Discussions 
 Table 6.2 summarizes the sample size used for data analysis for each set of 
flexure specimens corresponding to lay-up and strength direction.  
Table 6.2: Four-Point Bend Test Lay-up Configurations and Sample Sizes 
Strength 
Direction 
Lay-
up Top Core Bottom n 
Major 
A SPFs SPFs SPFs 6 
B LSL SPFs LSL 6 
C LSL LSL LSL 6 
D LSL (Sheet) LSL (Sheet) LSL (Sheet) 6 
E SPFs LSL SPFs 6 
F Solid LSL 53 
Minor 
A SPFs SPFs SPFs 51 
B LSL SPFs LSL 6 
C LSL LSL LSL 51 
D LSL (Sheet) LSL (Sheet) LSL (Sheet) 6 
E SPFs LSL SPFs 52 
F Solid LSL 51 
Note:  1 Excludes one beam where loading information was not connected to the 
instrumentation.  
 2 Excludes one beam where the actuator was turned off and dropped onto the 
beam causing failure.  
 3 Excludes one beam that had side shifted on the supports during loading. 
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6.3.1. Load-Deflection Relationships 
6.3.1.1. Major Strength Direction 
 Figures 6.8 - 6.13 show the load-deflection relationships for each flexure 
specimen tested in the major strength direction, grouping the specimens together with 
respect to lay-up configuration. Mid-span deflection was plotted, which was determined 
by subtracting the average deflection measured over each of the supports from the mid-
span string potentiometer reading to remove deflections due to settlement and neoprene 
pad compression at the supports. The load was the force applied by Instron.  
 
Figure 6.8: Load and deflection measurements for lay-up A four-point bend specimens in 
the major strength direction.  
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Figure 6.9: Load and deflection measurements for lay-up B four-point bend specimens in 
the major strength direction.  
 
Figure 6.10: Load and deflection measurements for lay-up C four-point bend specimens 
in the major strength direction.  
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Figure 6.11: Load and deflection measurements for lay-up D four-point bend specimens 
in the major strength direction.  
 
Figure 6.12: Load and deflection measurements for lay-up E four-point bend specimens 
in the major strength direction.  
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Figure 6.13: Load and deflection measurements for lay-up F four-point bend specimens 
in the major strength direction.  
 As can be seen by the load-deflection curves, lay-ups containing all LSL behaved 
linearly with respect to the load applied and had tighter groupings between the curves, 
with the exception of lay-up F, which was due to the low variability in LSL. The load-
deflection curves for lay-ups C and D are almost identical, showing that CLT made up of 
LSL boards and sheets behaves similarly in the major strength direction. The load-
deflection curves for lay-ups containing SPFs were observed to have a wider spread due 
to the variability of wood. These lay-ups also exhibited relatively linear load-
displacement response. The failures were found to be more ductile with SPFs used as the 
face material, especially for lay-up E, which had LSL in the core. Note that in Figure 6.12 
one lay-up E specimen failed at a much lower load than the other five specimens. This 
specimen was found to have a large knot in the bottom SPFs layer, where failure 
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occurred. This large knot as well as the board possibly being of a lower quality likely led 
to the failure at a lower applied load.  
6.3.1.2. Minor Strength Direction 
 Figures 6.14 – 6.19 show the load-deflection relationships for each flexure 
specimen tested in the minor strength direction, grouping the specimens together with 
respect to lay-up configuration. Mid-span deflection was plotted and the same corrections 
as for the major strength direction specimens were applied.  
 
Figure 6.14: Load and deflection measurements for lay-up A four-point bend specimens 
in the minor strength direction.  
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Figure 6.15: Load and deflection measurements for lay-up B four-point bend specimens 
in the minor strength direction.  
 
Figure 6.16: Load and deflection measurements for lay-up C four-point bend specimens 
in the minor strength direction.  
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Figure 6.17: Load and deflection measurements for lay-up D four-point bend specimens 
in the minor strength direction.  
 
Figure 6.18: Load and deflection measurements for lay-up E four-point bend specimens 
in the minor strength direction.  
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Figure 6.19: Load and deflection measurements for lay-up F four-point bend specimens 
in the minor strength direction.  
 The load-deflection behaviors for the minor strength direction specimens were 
mainly driven by response of the longitudinal core material, with the exception of lay-ups 
D and F. This was because during bending, the transverse face boards would separate as 
deflections increased and therefore did not add to the bending capacity to the section. In 
some of the minor strength direction specimens, adhesive had come down in between 
some of the face boards during manufacturing. As the bottom face boards separated, 
bottom face boards within the center span that did have edge bonding would separate 
abruptly, causing a popping noise, and create vertical jumps on the load-deflection plots. 
An example of this can be seen in Figure 6.16. Lay-ups D and F resulted in lower 
deflections since they were made of LSL sheets and solid LSL, respectively, and 
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therefore did not experience board separation. Higher deflections were observed for lay-
ups A and B where SPFs was used in the core.  
6.3.2. Stresses and Failure Modes 
 For each specimen, the maximum bending and shear were determined. The 
maximum bending stress was calculated per equation 6.1 by dividing the maximum 
moment by the effective section modulus. The maximum moment and effective section 
modulus were computed using equations 6.2 and 6.3, respectively. Equation 6.2 applies 
for four-point bending and the effective section modulus assumes a transformed section, 
with the effective depth being the distance between the extreme fibers of the longitudinal 
layer(s). 
 ߪ௕ ൌ ெ೘ೌೣௌ೐೑೑  (6.1) 
 ܯ௠௔௫ ൌ ௉೘ೌೣ௅଺  (6.2) 
 ܵ௘௙௙ ൌ ଶூ೟ೝ௛೐೑೑ (6.3) 
Where: 
Pmax = Maximum force applied on both load heads (N) 
L = Span length (mm) 
Mmax = Maximum moment (N-mm) 
Itr = Transformed moment of Inertia (mm4) 
heff = Distance between extreme fibers of the longitudinal layer(s) (mm) 
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Seff = Effective section modulus (mm3) 
b = Bending stress (Pa) 
 The maximum shear stress was determined by multiplying the maximum shear 
force by the inverse of the laminate effective shear area, as shown in equation 6.4. The 
maximum shear force was half of the maximum load applied for a four-point bend. The 
inverse of the laminate effective shear area was calculated by the use of equation 6.5 per 
Chapter 3 of the U.S. CLT Handbook (FPInnovations & Binational Softwood Lumber 
Council, 2013). In Equation 6.5, EIeff is the estimated elastic stiffness of the section per 
lay-up and strength direction.  
 ߬௠௔௫ ൌ ௠ܸ௔௫ ቀொூ௕ቁ௘௙௙ (6.4) 
 ቀொூ௕ቁ௘௙௙ ൌ
∑ ா೔௛೔௭೔
೙
మ೔సభ
ாூ೐೑೑  (6.5) 
Where: 
Vmax = Maximum shear force applied (N) 
(Q/Ib)eff = Inverse of the laminate effective shear area (1/mm2) 
Q = First moment of the cross-sectional area (mm2) 
I= Moment of Inertia (mm4) 
b = Section width (mm) 
max = Maximum shear stress (Pa) 
Ei = Elastic modulus (Pa) 
hi = Layer thickness (mm) 
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zi = Distance to the neutral axis of the cross-section (mm) 
EIeff = Effective elastic stiffness (N-mm2) 
 The average values and coefficient of variation (COV) determined for the 
maximum bending stress, maximum shear stress and failure modes for each lay-up and 
strength direction are summarized in Table 6.3. The tabulated failure modes occurred for 
each specimen of each lay-up and were otherwise noted.  
Table 6.3: Summary of the Four-Point Bending Stress Results 
Strength 
Direction Lay-up 
Avg. b 
(MPa) 
COV 
(%) 
Avg.  
(MPa) 
COV 
(%) 
Failure 
Mode 
Major 
A 40.7 10.1 1.26 10.7 Shear 
B 33.6 7.5 1.06 7.9 Tension, Shear2 
C 33.4 4.5 1.08 5.0 Tension 
D 34.0 4.4 1.08 6.0 Tension 
E 50.1 17.51 1.62 17.2 Tension 
F 40.1 3.7 1.76 5.1 Tension 
Minor3 
A 1.5 20.5 1.33 21.4 Tension 
B 2.6 22.8 1.58 21.4 Tension 
C 1.7 9.4 0.85 10.6 Tension 
D 10.6 6.1 1.75 6.3 Tension 
E 1.2 19.6 0.91 18.9 Tension 
F 10.4 4.2 0.45 4.3 Tension 
Note:  1 One specimen had a premature failure due to a large knot in the bottom face 
layer.  
 2 One specimen failed in shear. 
 3 14 minor strength direction specimens bore on the inner edge of one of the 
bearing plates during loading. 
 
 Looking first at the failure modes, all of the specimens failed in tension in the 
bottom face except for the major strength direction lay-up A specimens, which all failed 
in shear, and one major strength direction lay-up B specimen. Typical failures for the 
major strength direction can be seen in Figures 6.20 - 22. Figure 6.20 shows a typical lay-
 103 
 
up C tension failure, Figure 6.21 shows a typical lay-up E tension failure and Figure 6.22 
shows a typical lay-up A shear failure. Figure 6.23 shows the one lay-up B shear failure.  
 
Figure 6.20: Typical lay-up C major strength direction tension failure.  
 
Figure 6.21: Typical lay-up E major strength direction tension failure.  
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Figure 6.22: Typical lay-up A major strength direction shear failure.  
 
Figure 6.23: Lay-up B major strength direction shear failure.  
 It was common for major strength direction lay-up B specimens to have a 
secondary shear failure in the core after the maximum tensile failure in the bottom face 
layer. For the specimen shown in Figure 6.23, the specimen was thought to be failing in 
tension, as denoted by the tension crack in the bottom face layer under the load head, but 
then had suddenly failed in shear. From this, it was concluded that the SPFs 
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perpendicular to grain shear strength and LSL bending strength capacity were being 
reached for the lay-up B major strength direction specimens at roughly the same load for 
this span length. The major strength direction lay-up A specimens failed in shear because 
the SPFs perpendicular to shear strength capacity was less than the bending strength 
capacity of the SPFs used in the faces. For all other specimens that failed in shear, the 
bending strength capacity of the face layer material exceeded the perpendicular to grain 
shear strength capacity of the core material for this span length.  
 The minor strength direction specimens all failed in tension. For lay-ups A, B, C 
and E, the specimens failed in the core layer because the transverse boards in the bottom 
face layer provided no bending strength to the section given that the layer was not 
continuous in the longitudinal direction. For lay-ups D and F, tension failure occurred at 
the extreme fiber at the bottom of the section. Typical tension failures for minor strength 
direction specimens are shown in Figures 6.24 and 6.25.  
 
Figure 6.24: Typical lay-up C minor strength direction tension failure.  
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Figure 6.25: Typical lay-up D minor strength direction tension failure.  
 From the major strength direction stresses, lay-ups B, C and D produced similar 
results for average bending and shear stress. The average bending stresses are similar 
because these three lay-ups all had LSL in the face layers. The shear stress averages are 
the same for lay-ups C and D since they have the same material, LSL, in the core. Lay-up 
F, made up of solid, unidirectional LSL, produced a higher average bending and shear 
stress than lay-ups C and D, which was due to not having a cross direction layer. Similar 
to lay-up B, lay-up A also had SPFs in the core layer, but produced higher shear stresses, 
which was due to higher shear loads being attainable. Lay-up A also produced higher 
average bending stresses than each lay-up with LSL in the face layers, even though lay-
up A’s capacity was limited by perpendicular to grain shear failure. Lay-up E, with SPFs 
in the face layers and LSL in the core, produced the highest average bending stress, by 10 
MPa, and highest average shear stress of the CLT lay-ups. The increase in shear stress in 
the LSL in the core was due to the increase in bending capacity of the SPFs in the faces. 
The COV was found to be the highest, 17.5%, for lay-up E, however this was due to one 
specimen failing prematurely from having a knot in the bottom face where failure 
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occurred. If that one specimen is regarded as an outlier, the bending stress a failure for 
lay-up E increases to 53.2 MPa and the bending stress COV decreases to 9.2%. From 
these results, it can be concluded that in the major strength direction the SPFs used for 
these tests was stronger than the 1.35E LSL in bending and the LSL was stronger than 
SPFs in perpendicular to grain shear.  
 From the minor strength direction stresses, the lay-ups containing SPFs in the 
faces, A and E, produced the lowest average bending stresses, with lay-up E being the 
lowest with LSL in the core. A similar trend can be seen with lay-ups B and C, but with 
higher bending stresses than lay-ups A and E. Both of these lay-ups had LSL in the faces, 
but the average bending stress was lower for lay-up C, which had LSL in the core. This 
further demonstrates that the minor strength direction specimens simplify to a two layer 
CLT, since the bottom layer of transverse boards was separating in the longitudinal 
direction as the bottom extreme fiber extended. 
 Since lay-up A produced higher bending stresses than E and B higher than C, 
SPFs can be concluded once again as having a higher bending strength than LSL since 
lay-ups A and B had SPFs in the core, while E and C have LSL. In addition, lay-ups B 
and C produced higher average bending stresses than A and E. Lay-ups B and C had LSL 
in the face layers, while A and E had SPFs. From this, it can be concluded that the LSL 
used had higher compression strength than SPFs, which added to the bending strength for 
these two lay-ups. In comparing lay-ups C and D, both consisting of LSL but in two 
different forms, the sheet LSL used for lay-up D produced over six times the average 
bending stress than the lay-up C with LSL boards. This was due to the bottom face layer 
adding to the bending strength of the cross section by having continuous material in the 
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longitudinal direction. In addition, the full depth was used for the effective depth for lay-
up D since the bottom face layer did add to the bending strength of the specimen. The full 
depth minor strength direction LSL, lay-up F, produced an average bending stress 0.2 
MPa less than the average bending stress produced by lay-up D. This was because lay-up 
F was all perpendicular to grain LSL, while lay-up D had perpendicular to grain LSL in 
the face layers and parallel to grain LSL in the core layer.  
 However, these minor strength direction average bending stresses could have 
been be artificially high. As was previously mentioned in the previous section, when 
minor strength direction specimens produced high deflections, it was common for the 
specimen to bear on the inner edge of the roller support bearing plate. By the specimen 
bearing on the bearing plate, the span length was reduced, so by using the original span 
length in the bending stress calculation, the bending stress was artificially increased.  
6.3.3. Stress Comparison Based on Typical Lumber Properties 
 The primary wood species of the SPFs No.2 and better lumber used appeared to 
be Red Spruce. Using the NDS strength properties for the SPFs wood species grouping, a 
comparison was between and expected and observed results was made. From the 
tabulated mechanical properties of varying wood species in the Wood Handbook, the 
modulus of rupture of clear and straight grained Red Spruce at 12% moisture content is 
74 MPa with a typical coefficient of variation of 16% for modulus of rupture (Forest 
Products Laboratory, 2010). Compared to the average maximum bending stress in the 
major strength direction of lay-up E, having SPFs in the face layers and failed in bending, 
the bending stress of lay-up E was 48% lower than the Wood Handbook value for Red 
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Spruce. Lower quality of the lumber, having been SPFs No.2 and better and including 
other species such as Balsam Fir, in comparison to clear and straight grained Red Spruce 
help explain the lower bending stress for lay-up E.  
 Lay-up A, the all SPFs CLT lay-up, consistently failed in shear in the core layer 
when tested in the major strength direction. In the Wood Handbook, the parallel to grain 
shear strength for clear and straight grained Red Spruce at 12% moisture content is 8.9 
MPa with a typical coefficient of variation of 14% for shear parallel to grain (Forest 
Products Laboratory, 2010). However, the core layer for CLT was transverse, and 
therefore the shear failures were shear perpendicular to grain or rolling shear. Based on 
limited data, the Wood Handbook gives an estimate of rolling shear strength to be 18-
28% of parallel to grain shear strength (Forest Products Laboratory, 2010). Using an 
average value of 23% for the conversion, the rolling shear strength of clear and straight 
grained Red Spruce is 2.05 MPa. Test results for lay-up A show that the core layer SPFs 
failed at a shear stress was 63% lower than the Wood Handbook value for Red Spruce. 
Similar to the bending stress comparison, the difference may be due to the lesser quality 
of wood used.  
6.3.4. Elastic and Shear Stiffnesses 
 In addition to stresses, the apparent and effective elastic stiffnesses and shear 
stiffness were determined from the test results. For these calculations the deflections were 
adjusted by subtracting the average deflection measured at each of the supports to remove 
deflections due to settlement and neoprene pad compression. The stresses and stiffnesses 
were corrected to a width of 305 mm by multiplying the applied load by the ratio of 305 
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mm over the actual width and adjusted to a moisture content of 12% according to ASTM 
D1990 Section A1 (ASTM, 2014). 
 When calculating the effective elastic modulus, the shear free deflection at mid-
span was used. The effective elastic modulus is also known as the shear free or “true” 
elastic modulus. The shear free deflection at mid-span was calculated as the average of 
the deflections under the two load heads, ends of the constant moment span, subtracted 
from the mid-span deflection. In order to calculate the effective elastic modulus, the slope 
of each load-deflection curve was found using a linear regression analysis over the linear 
range of the curve, defined as 20 – 50% of the maximum load applied. This was 
determined by looking at each of the load-deflection groupings for each lay-up 
configuration and direction and concluding the range to be suitable for a linear regression 
analysis. The range was started at 20% of the maximum applied load to remove initial 
noise from loading and any discrepancies with the supports. The range was ended at 50% 
in order to encompass a range of points greater than 20% of the data in accordance with 
ASTM D198 (ASTM, 2014). Note that the stiffness values were sensitive to the load 
range selected. Once the load-deflection curve slope (P/Δb) was determined from the 
linear regression analysis, equation 6.6 was used to calculate the effective elastic 
stiffness. The deflection equation 6.7 was derived by treating the constant moment span 
as a beam segment with applied moments at the ends and no shear forces, which was then 
re-arranged to form equation 6.6 and solve for effective elastic stiffness. The applied 
moments are PL/6, which are the internal moments of a simply supported beam under 
four-point loading at the third points. 
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 ܧܫ௘௙௙ ൌ ௉∆್ ቀ
௅య
ସଷଶቁ (6.6) 
 ∆௕ൌ ௉௅
య
ସଷଶாூ೐೑೑ (6.7) 
Where: 
P = Total applied load (N) 
L = Span length (mm) 
EIeff = Effective elastic stiffness (N-mm2) 
Δb = Deflection due to bending of the constant moment span (mm) 
 The apparent elastic modulus, which includes the effect of shear deflections, was 
computed by running a linear regression over the same linear range, using the mid-span 
deflection relative to the supports. Once the load-deflection curve slope (P/Δ) was 
determined from the linear regression analysis, equation 6.8 was used to calculate the 
apparent elastic stiffness. Equation 6.9 was derived from the maximum deflection 
equation for a simply supported beam under four-point loading, where the load being 
applied to each load head is P/2, and then was re-arranged for equation 6.8 to solve for 
apparent elastic stiffness. 
 ܧܫ௔௣௣ ൌ ௉∆ ቀ
௅య
ହ଺ቁ (6.8) 
 ∆ൌ ௉௅యହ଺ாூೌ ೛೛ (6.9) 
Where: 
P = Total applied load (N) 
L = Span length (mm) 
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EIapp = Apparent elastic stiffness (N-mm2) 
Δ = Total deflection of the beam  
 The shear stiffness was calculated using equation 6.10 for three points: under each 
load head and at the mid-span. Equation 6.10 was derived from equation 6.11, the shear 
deflection equation for a simply-supported beam under four-point bending. The shear 
stiffness for each specimen was the average of these three values. In equation 6.10, K was 
5/6, a form factor to modify the effective shear area for a rectangular, homogeneous 
cross-section. This K factor is used in the design examples in the U.S. CLT Handbook 
(FPInnovations & Binational Softwood Lumber Council, 2013). Similar methods for 
determining stiffnesses were conducted by Beagley et al. to determine the mechanical 
properties of CLT panels made from yellow poplar (Beagley et al., 2014). 
 ܩܣ௘௙௙ ൌ ሺ଴.ହ௉೘ೌೣି଴.ଶ௉೘ೌೣሻ௅ହ∆ೞ  (6.10) 
 ∆௦ൌ ௉௅଺௄ீ஺೐೑೑ (6.11) 
Where: 
Pmax = Maximum total force applied on the load heads (N) 
L = Span length (mm) 
Δs = Deflection due to shear of the beam (mm) 
GAeff = Effective shear stiffness (N) 
K = Form factor 
 The shear stiffness at each point was determined by finding the slope of the load-
deflection curve using a linear regression over the previously mentioned linear load range 
using the deflections at that specific point along the beam. The inverse of these slopes 
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was multiplied by the change in load for the load range used to compute the total 
deflection. The deflections due to bending were computed using equations 6.12 and 6.13 
and subtracted from the total deflections to find the shear deflections, as shown in 
equation 6.14. The bending deflection equations came from the 14th edition AISC Steel 
Manual (AISC, 2011).  
 ∆௕,௅/ଷൌ
బ.ఱು೘ೌೣషబ.మು೘ೌೣ
మ
ಽ
య
଺ாூ೐೑೑ ∗ ൬3ܮ
௅
ଷ െ 3 ቀ
௅
ଷቁ
ଶ െ ቀ௅ଷቁ
ଶ൰ (6.12) 
 ∆௕,௅/ଶൌ
బ.ఱು೘ೌೣషబ.మು೘ೌೣ
మ ௅య
ଶ଼ாூ೐೑೑  (6.13) 
 ∆௦ൌ ∆೅௉ೞ೗೚೛೐ ሺ0.5 ௠ܲ௔௫ െ 0.2 ௠ܲ௔௫ሻ െ ∆௕ (6.14) 
Where: 
Pmax = Maximum force applied on both load heads (N) 
L = Span length (mm) 
EIeff = Effective elastic stiffness (N-mm2) 
Δb,L/3 = Deflection due to bending at the third points (mm) 
Δb,L/2 = Deflection due to bending at mid-span (mm) 
ΔT/Pslope = Slope outputted from the linear regression analysis (mm/N) 
Δs = Deflection due to shear (mm) 
 The average values and COVs determined for the effective elastic stiffness, 
apparent elastic stiffness and effective shear stiffness for each lay-up and strength 
direction are summarized in Table 6.4.  
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Table 6.4: Summary of Mechanical Properties Computed from Test Results 
Strength 
Direction Lay-up 
Avg. EIeff1 
(109 N-mm2/m) 
COV 
(%) 
Avg. EIapp1 
(109 N-mm2/m) 
COV 
(%) 
Avg. GAeff5 
(106 N/m) 
COV 
(%) 
Major 
A 1,207 10.6 999 9.1 13.51 41.3 
B 909 4.2 756 3.4 9.43 20.5 
C 874 3.6 770 2.4 13.67 20.7 
D 937 12.6 791 2.3 9.132 18.52 
E 1,151 7.7 1,040 5.2 26.12 49.1 
F 1,051 10.4 905 7.0 15.16 38.6 
Minor4 
A 54 5.3 54 9.4 -1.583 -248.13 
B 85 12.2 88 13.9 0.133 3732.93 
C 59 7.8 60 9.8 1.923 332.63 
D 210 7.8 202 3.5 -2.363 -375.73 
E 39 18.0 41 13.2 -0.833 -175.73 
F 179 7.0 166 1.4 -92.783 -328.73 
Note: 1 In terms of face material 
 2 One specimen removed, having a negative GAeff value 
 3 Negative GAeff values were present 
 4 14 minor strength direction specimens bore on the inner edge of one of the 
bearing plates during loading. 
 5 Consistent results were not expected for the minor strength direction. See 
discussion below. 
 
6.3.4.1. Major Strength Direction 
 In comparing the lay-up mechanical properties for the major strength direction, 
the lay-ups containing SPFs in the outer face layers, A and E, resulted in the highest 
values for the elastic stiffnesses. This was due to the MOE of SPFs used being higher 
than LSL, as shown by E-rating the materials. The effective elastic stiffness for lay-up A, 
having SPFs in the core, was 5% higher than lay-up E, which had LSL in the core, while 
lay-up E resulted in an apparent elastic stiffness that was 4% higher than lay-up A due to 
the increased shear stiffness from the LSL in the core. The shear stiffness of lay-up E was 
found to be approximately two times the shear stiffness of lay-up A. An increase in 
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effective elastic stiffness was found with SPFs in the core, since lay-up B resulted in a 
higher value than C. Similar to the relationship between lay-ups A and E, lay-up C 
produced a higher apparent elastic stiffness value than lay-up B from the use of LSL in 
the core. This relationship was paralleled for shear stiffness, where lay-up C also 
produced a higher value than lay-up B. When comparing the different forms of LSL 
tested, boards, sheets and solid LSL, the sheet LSL used in lay-up D resulted in a 7% and 
3% increase in effective and apparent elastic stiffness, respectively, over using board LSL 
in lay-up C. The solid, unidirectional LSL in lay-up F had a 20% and 18% increase in 
effective and apparent elastic stiffness, respectively, over using board LSL in lay-up C. A 
similar relationship was found between the three lay-ups for shear stiffness, except that 
the board LSL was found to have had a higher average shear stiffness than the sheet LSL. 
However, this could have been due to the high variance in shear stiffness values, which 
was found for all lay-ups.  
6.3.4.2. Minor Strength Direction 
 In comparing the lay-up mechanical properties for the minor strength direction, 
the lay-ups containing SPFs in the outer face layers, A and E, were found to have the 
lowest elastic stiffness, with lay-up A being higher due to having the higher MOE 
material, SPFs, in the core. With the addition of LSL in the faces, lay-ups B and C, the 
elastic stiffness was increased, and again the lay-up containing SPFs in the core, B, had 
the higher elastic stiffness. Effective elastic stiffness was found to be about 3.6 times 
greater for LSL sheets, lay-up D, than using LSL boards, lay-up C. This value was also 
17% higher than for solid LSL, lay-up F. This was because the sheets added stiffness by 
not having board joints in the faces and with the longitudinal material direction layer in 
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the core. The apparent elastic stiffnesses for each lay-up in the minor strength direction 
were nearly the same as the effective elastic stiffnesses, which was due to the high 
deflections being primarily due to bending. For lay-ups B, C and E the apparent elastic 
stiffness values are higher than the effective elastic stiffnesses, which is theoretically 
impossible. This was most likely due to the variance and some of the minor strength 
direction specimens bearing on one of the supports, which reduced the span length and 
artificially increased the shear and elastic stiffnesses since the original, longer span length 
was used in the calculation of the mechanical properties. Note that the calculations of 
elastic stiffnesses were approximations, since gaps and the lack of edge gluing caused 
stress discontinuities in the top face layer, invalidating assumptions regarding stress and 
strain distributions inherent in the calculations given here.  
 The average shear stiffness values for the minor strength direction were found to 
be unreliable and consistent results were not expected. One reason for this discrepancy 
was that the shear deformations were relatively small with respect to the total deflection, 
1-4% for lay-up A for example. Due to gaps in the face layers, the specimen did not 
exhibit shear deformations that were consistent with the equations used to predict shear 
deflection.  
 Two observations made during loading could also account for discrepancies in the 
determination of shear deflections and stiffnesses per specimen. The first discrepancy 
was that it was common for minor strength direction flexure specimens to bear on the 
inner edge of the roller support bearing plate. By the specimen bearing on a bearing plate, 
the effective span length was reduced. With the bending deflection being a function of 
the span length cubed, an artificially high span length value caused the bending deflection 
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to be overestimated. This overestimated deflection could exceed the total deflection, 
resulting in a negative shear deflection and stiffness value to be computed. 
 The second discrepancy was that during loading, the minor strength direction 
specimens typically failed and deflected more under one of two load heads. The 
calculation used for bending deflection assumes symmetry in loading and deflection. 
Therefore, the increased deflection under one load head was under predicted by the 
bending deflection formula at one third point and over predicted at the other. This 
resulted in the calculation of a high shear deflection at the third point which deflected 
more and a low shear deflection at the other, which was computed to be negative if this 
lower total deflection was exceeded by the predicted bending deflection. Given these 
discrepancies and the gaps in the face layers, consistent results were not expected with 
the equations used to predict shear deflection.  
6.4.  Comparisons of Mechanical Property Results 
6.4.1.  Estimated Lay-up Mechanical Properties 
 Table 6.5 summarizes the comparison of the estimated lay-up mechanical 
properties from Chapter 4 and the experimental results for both strength directions. The 
percentage difference between the two values was determined using the following 
equation 6.15. 
 ா௫௣௘௥௜௠௘௡௧௔௟ିா௦௧௜௠௔௧௘ௗா௫௣௘௥௜௠௘௡௧௔௟ ∗ 100% (6.15) 
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Table 6.5: Percent Difference between Experimental and Estimated Lay-up Mechanical 
Properties 
Lay-Up EIeff,0 EIapp,0 GAeff,0 EIeff,90 EIapp,90 GAeff,90 
A 13 15 31 -85 -81 693 
B 7 6 3 -59 -48 -5930 
C 3 11 45 -118 -107 -293 
D 9 13 17 39 39 420 
E 8 21 71 -137 -122 1210 
F 15 6 -178 45 43 105 
 
 For the major strength direction results, other than lay-up F, the experimental 
results were found to be higher than the design estimates. The high experimental stiffness 
values for lay-up A could have been due to having a good batch of SPFs boards, since 
boards were selected for panel fabrication based on condition and straightness for ease of 
manufacture. The modulus of elasticity of the lay-up F, solid LSL, was approximated at 
9.3 GPa, but could have been higher since the modulus of elasticity for the solid LSL was 
approximated by the manufacturer since manufacturing LSL of this size is uncommon, 
which would have led to an under estimated elastic stiffness. The estimated effective 
shear stiffness was 178% higher than the shear stiffness determined from testing. This 
was inconsistent with the other lay-ups containing LSL in the core layer, C, D and E, 
where shear stiffness was over predicted. This was due to estimation of shear stiffness by 
the Shear Analogy Method being over conservative for the solid LSL, which was not a 
composite laminate.  
 With the exception of lay-up F, the effective shear stiffness values were under 
estimated. G0/G90 was assumed to be 10 to account for rolling shear, which was 
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conservative and recommended by PRG 320-2012 (American National Standard Institute 
& APA - The Engineered Wood Association, 2012). LSL, being an engineered SCL, 
would have been less susceptible to rolling shear. This caused both the effective shear 
stiffness and apparent elastic stiffness to be under estimated for lay-ups with LSL in the 
core; lay-ups C, D and E. This modular ratio could have also been conservative for SPFs, 
which would explain the under estimation in effective shear stiffness and apparent elastic 
stiffness for lay-ups with SPFs in the core; lay-ups A and B. Additionally, E0/G0 was 
assumed to be 16, typical for wood, which was also recommended by PRG 320-2012 
(American National Standard Institute & APA - The Engineered Wood Association, 
2012). This ratio could have also been conservative for LSL given that LSL possesses 
higher strength perpendicular to grain than typical lumber, which resulted in an under 
prediction of effective shear stiffness and apparent elastic stiffness. Research done on the 
precision of methods to determine the mechanical properties yellow poplar CLT by 
Beagley et al. also found effective shear stiffness to be under predicted by 70% when 
using the Shear Analogy Method, and stated the cause as being the method’s sensitivity 
to the E/G ratio (Beagley et al., 2014). The same work found a range of -10 – 21% 
difference in effective elastic stiffness between experimental results and estimations that 
used the Shear Analogy Method (Beagley et al., 2014).  
 From comparisons made for the minor strength direction results, the estimation 
methods appear to have been less accurate than in the major strength direction. Given the 
previously described discrepancies in determining the experimental effective shear 
stiffness values, the comparison to estimated values was poor and unreliable. From 
comparisons made for the elastic stiffnesses, the lay-ups that consisted of boards (A, B, C 
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and E) were overestimated, while D and F, which consisted of LSL sheets and solid 
unidirectional LSL, respectively, were found to be underestimated. As was seen during 
testing, the bottom face layer boards separated at the transverse joints while they 
underwent bending. Therefore, the bending stiffness of the section was reduced to that of 
the longitudinal core layer and top face layer. However, even this is an approximation, 
since gaps and the lack of edge gluing caused stress discontinuities in the top face layer, 
invalidating assumptions regarding stress and strain distributions inherent in the 
calculations given here. For lay-ups D and F an opposing effect was had by the face 
layers. Both of these lay-ups had continuous material in the extreme bottom fiber along 
the span, which added bending stiffness to the specimens.  
 The conclusion is that for both the major and minor strength direction that the 
accuracy of the estimated mechanical properties is dependent on the three major 
assumptions made by PRG 320-2012 that were E0/E90 = 30, E0/G0 = 16 and G0/G90 = 10. 
The accuracy of the Shear Analogy Method was found to be dependent on the 
assumptions made for E0/G0 and G0/G90. The Shear Analogy Method was also found to 
be inaccurate to determine the minor strength direction shear stiffness because the gaps in 
the face layers caused the cross-section to not behave according to a continuous, shear-
deformable beam.  
6.4.2. Comparison with PRG 320-2012 CLT Grades 
 The effective elastic and shear stiffnesses of the six lay-up configurations tested 
were compared to the CLT grades in Table A4 of the CLT standard, PRG 320-2012 
(American National Standard Institute & APA - The Engineered Wood Association, 
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2012). The maximum bending stresses were not compared because a higher sample size 
than that tested here is needed to determine a 5% lower tolerance limit.  
 Through this comparison, each of the six lay-ups produced higher shear 
stiffnesses in the major strength direction than the CLT grades tabulated in PRG 320-
2012 (American National Standard Institute & APA - The Engineered Wood Association, 
2012). In addition, each lay-up also produced higher effective elastic stiffnesses in the 
minor strength direction than the CLT grades tabulated in PRG 320-2012 (American 
National Standard Institute & APA - The Engineered Wood Association, 2012). In 
comparing the major strength direction effective elastic stiffness results, lay-ups A and E 
were stiffer than CLT grade E1, the lay-up F was stiffer than CLT grade V1, lay-ups D 
and B were stiffer than CLT grade V2 and lay-up C was stiffer than CLT grade E3, with 
the comparisons made being in decreased order of lay-up stiffness. The minor strength 
direction shear stiffnesses were neglected due to discrepancies in determination.  
6.4.3.  Lay-up A Board Estimated Mechanical Properties 
 After finding the differences between the lay-up estimated mechanical properties 
and those determined through testing, panel stiffnesses were computed for each lay-up A 
major strength direction specimen using the MOE values of each board used in panel 
construction. These more refined panel stiffness estimates were then compared to 
stiffnesses of individual four-point bend test specimens. The board MOE values were 
determined during the lumber characterization as described in Chapter 4.  
 A transformed section analysis was used to compute the effective elastic 
stiffnesses. The width was predicted for each board using photos taken during testing and 
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the modular ratio used for each face board was the MOE of each board divided by the 
weighted average MOE of the face layer boards. The average MOE for SPFs was used 
for the core layer with 17.58 used for E0/E90, based on tabulated properties for Red 
Spruce given in Bodig and Jayne since the majority of the lumber used appeared to be 
Red Spruce (1982). The Shear Analogy Method was then used to determine the effective 
shear stiffnesses and apparent elastic stiffnesses in accordance with the methods in 
chapter 3 of the U.S. CLT Handbook (FPInnovations & Binational Softwood Lumber 
Council, 2013). Table 6.6 summarizes the weighted board estimated mechanical 
properties and the experimental results for lay-up A specimens in the major strength 
direction. Table 6.7 summarizes the comparisons made between the weighted board 
estimated mechanical properties and the experimental results for lay-up A specimens for 
the major strength direction. 
Table 6.6: Weighted Board Estimated and Experimental Mechanical Properties for Lay-
up A specimens 
 Board Estimated Experimental 
Specimen EIeff,0 (10
9 
N-mm2/m) 
EIapp,0 (109 
N-mm2/m) 
GAeff,0 (106 
N/m) 
EIeff,0 (109 
N-mm2/m) 
EIapp,0 (109 
N-mm2/m) 
GAeff,0 
(106 N/m) 
A-1-S-F1 1002 819 9.3 1266 1136 22.7 
A-1-S-F2 1060 859 9.4 1168 974 12.0 
A-1-S-F3 1062 859 9.4 1115 991 17.8 
A-2-S-F1 953 786 9.3 1026 862 11.1 
A-2-S-F2 1071 865 9.4 1379 1056 9.2 
A-2-S-F3 1042 846 9.4 1286 976 8.3 
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Table 6.7: Percent Difference in Experimental and Board Estimated Mechanical 
Properties 
Specimen EIeff,0 (10
9 N-
mm2/m) 
EIapp,0 (109 N-
mm2/m) GAeff,0 (10
6 N/m) 
A-1-S-F1 21 28 59 
A-1-S-F2 9 12 22 
A-1-S-F3 5 13 47 
A-2-S-F1 7 9 16 
A-2-S-F2 22 18 -1 
A-2-S-F3 19 13 -13 
Average 14 16 22 
 
 The average differences between the mechanical properties of each specimen 
were similar to the differences found when the experimental results were compared to the 
estimated lay-up mechanical properties, where the estimated mechanical properties were 
found to be generally lower than the experimental properties. As previously discussed, 
the Shear Analogy Method was dependent on assumptions made for E0/G0 and G0/G90. If 
these values were conservative, higher than actual, than the effective shear stiffness and 
apparent elastic stiffness would have been underestimated. Similar work conducted by 
Chen in 2011 found percent errors of 0.99 and -3.51% between tested and predicted true 
and apparent bending stiffness, respectively for three layer SPF CLT using the Shear 
Analogy Method (Chen, 2011). A similar relationship between major direction specimen 
experimental results and weighted board estimates was assumed for the remaining lay-
ups.  
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6.5. Conclusions 
 From the testing results, LSL was found to be stronger than SPFs in 
perpendicular-to-grain shear, as was shown by increased shear stiffness values in the 
major strength direction when LSL was the core layer material. SPFs was found to be the 
stronger material in bending, as was shown by increased elastic stiffness values in the 
major strength direction when used in the face layers and in the minor strength direction 
when used in the longitudinal core layer. Higher elastic stiffness values in the minor 
strength direction were also found with the use of LSL in the face layers. The use of LSL 
sheets instead of boards resulted in a 7% higher effective elastic stiffness in the major 
strength direction and 256% higher in the minor strength direction. The increase in minor 
direction effective elastic stiffness came from the absence of joints in the bottom face 
material. Solid LSL was found to be stiffer in the major strength direction than LSL CLT, 
but was 17% less for effective elastic stiffness in the minor strength direction than the 
sheet LSL CLT, lay-up D, which had longitudinal LSL in the core.  
 In the major strength direction, lay-up E (SPFs-LSL-SPFs) produced the highest 
shear stiffness and apparent elastic stiffness, the second-highest effective elastic stiffness, 
and the greatest bending strength in four-point bending. Further, the LSL core eliminated 
the shear failures that dominated the all-SPF major strength direction specimens. Lay-up 
E exceeded the design mechanical properties of CLT grade E1 in PRG 320-2012 
(American National Standard Institute & APA - The Engineered Wood Association, 
2012). These are significant results, indicating that the selective use of LSL in hybrid 
SPFs-LSL-SPFs panels can enhance panel stiffness and strength. In the minor strength 
direction, lay-up D (LSL-LSL-LSL), which consisted of sheets of LSL, produced the 
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highest elastic stiffness values and exceeded the design mechanical properties of CLT 
grade V2 in PRG 320-2012 (American National Standard Institute & APA - The 
Engineered Wood Association, 2012). 
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CHAPTER 7 
SHORT SPAN THREE-POINT BEND TESTING 
7.1.  Introduction 
 Short span three-point bend tests were performed on 105 mm x 305 mm x 722 
mm specimens cut from panels of four of the six lay-up types until failure in accordance 
with ASTM D198 (ASTM, 2014). The load bearing blocks were placed at third points of 
the 0.619 mm span. The purpose of these tests was to determine the shear strength of 
each of the lay-ups tested in the major strength directions. 
 Lay-ups A, C, E and F were tested. Lay-ups A and C were selected to determine 
the shear strengths for CLT panels made solely of each material type, being all SPFs and 
LSL, respectively. In addition, from flexure testing Lay-up A major strength direction 
specimens commonly failed in shear in the core layer. Therefore, the shear strengths from 
these tests were desired to compare with the shear failures found during the flexure tests. 
Lay-up E was selected for shear testing since it was calculated to have the highest 
bending strength of the six lay-ups. Lay-up F, solid LSL, was also tested in shear in order 
to compare the three tested CLT lay-ups with unidirectional LSL of the same dimensions. 
From the testing results, the shear strength of each lay-up in the major strength direction 
was calculated to compare with the calculated shear strength capacities. The failure 
modes and manner in which failure occurs were also monitored for each specimen.  
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7.2. Methods 
7.2.1. Specimen Preparation 
 Upon completion of CLT manufacturing, shear specimens were cut out of two of 
the major strength direction panels for each of the previously stated lay-ups per the 
specimen cut up diagram shown in Figure 7.1. The CLT panels were first squared and 
then trimmed in the longitudinal direction with a 406 mm beam saw. Next, four 
approximately 105 mm x 305 mm x 2.44 m sections were ripped from each panel, with 
three of these sections being flexure specimens and the fourth being cut up as shown to 
make shear specimens. Each specimen and each board was labeled. The shear segment 
was then cut up to make three 105 mm x 305 mm x 722 mm shear specimens. This gave 
three shear specimens from each of the two major strength direction panels per lay-up, 
resulting in the flexure test matrix shown in Table 7.1.  
 
Figure 7.1: CLT panel cut up diagram.  
Flexure 
305 mm x 2.44 m 
Shear 
305 mm x 722 mm 
Flexure 
305 mm x 2.44 m 
Flexure 
305 mm x 2.44 m 
1.22 m 
1.32 m 
2.45 m
Shear 
305 mm x 722 mm 
Shear 
305 mm x 722 mm 
2.44 m
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Table 7.1: Number of Shear Specimens per Lay-Up 
Lay-Up Major Strength Direction 
A 6 
C 6 
E 6 
F 6 
 
7.2.2. Setup  
 The short span three-point bend tests were conducted according to ASTM D198 
(ASTM, 2014). The setup used with a shear specimen in place can be seen in Figure 7.2. 
The supports used were a roller and pin support at a span length of 619 mm. A 145 kN 
actuator was used for load application and set at a height to allow for 102 mm of 
deflection. Clamped to the actuator was a 406 mm diameter load head. The load head was 
greater than 305 mm wide to prevent high-stress concentrations and was located at 
midspan of the beam in order to have center point loading. At the supports, a bearing 
length of 102 mm or greater was used to prevent the specimens from slipping. The end of 
each specimen was also rested on two 3.2 mm x 102 mm x 305 mm neoprene pads, 
which were centered on each support to prevent the specimen from bearing on the end of 
the bearing plates.  
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Figure 7.2: Short span three-point bending test setup. 
7.2.2.1. Instrumentation 
 Three string potentiometers were attached to each specimen just under the neutral 
axis to measure displacements. These were located over the centerline of each support to 
measure settlement and at the midspan of the specimen. The string potentiometers were 
mounted at the top of the bottom ply instead of along the neutral axis of the beam in order 
to avoid mounting the string potentiometers in the path of failure or the screws used for 
the brackets from influencing the failure path. In addition to the string potentiometers, a 
digital image correlation system, ARAMIS, was used to measure the deflections and 
strain rates of an approximately 610 mm wide section centered on each specimen. An 
example of the ARAMIS setup can be seen in Figure 7.3. Instron was used for the load 
application and control. Note that ARAMIS was not used for every test and that the data 
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was collected but not used for the analysis of the CLT configurations. The purpose for 
using ARAMIS was to create videos to show the development of shear strain as the 
specimens were loaded.  
 
Figure 7.3: ARAMIS setup for shear testing.  
 As shown, the side of each beam monitored by ARAMIS was painted flat white 
and then spray-painted black to create a spread of 2.5 mm dots. These dots were tracked 
by images taken by two 2 megapixel cameras. The movement of these dots was used to 
determine deflections and strain rates. Lines were also drawn down the centerline of the 
beam and along the ply interfaces as reference points. The purpose of using ARAMIS 
was to measure strains in the shear specimens and to monitor the effects of shear 
perpendicular to grain in the core layer of the major strength direction specimens. The 
cameras are at an angle and off to the side in Figure 7.3 because the actuator used was 
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lowered and raised on two circular columns, which the cameras could not fit in front of or 
behind and have a good field of view to gather the desired data. Therefore, the cameras 
were placed as shown and the painted section was transformed in ARAMIS.  
7.2.3. Testing Methodology 
7.2.3.1. Test Specimen Preparation 
 The specimens were tested in a random order. The testing order was determined 
by use of a random number generator. Prior to load application, each specimen was 
weighed, put in place on the supports on the neoprene pads, centered and bearing and 
span lengths checked. Each specimen’s dimensions and the span length were recorded to 
three significant digits using a caliper. Any physical defects were noted, including 
damage, board gaps, manufacturing defects, large knots, checks, wane, warp, bowing and 
camber. Then pictures were taken of any noted defects and around the specimen to track 
the board numbers and their locations.  
7.2.3.2. Speed of Testing 
 A preliminary speed of testing was determined in accordance with methods in 
ASTM D1037 (ASTM, 2012) using a constant outer strain rate of 0.0010 mm/mm per 
minute (ASTM, 2014). This load rate was then refined in order to achieve specimen 
failure for the multiple lay-up types within 6 – 20 minutes, with the target of failure after 
10 minutes of loading (ASTM, 2014). After testing a few trial specimens, the constant 
displacement rate was determined to be 1.52 mm/min.  
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7.2.3.3. Loading Procedure 
 Three trial specimens were first tested in order to ensure the machine settings 
were appropriate and the desired data was obtained. Then, once a test specimen was 
prepared and the date, load rate and specimen label were recorded, the string 
potentiometers were attached. Readings of the string potentiometer deflections were 
initiated to ensure that each string potentiometer was working properly. Once these 
readings were confirmed, the ARAMIS recording system was turned on. After 
approximately 30 seconds to a minute of allowing these two instrumentation systems to 
record the specimen at rest, a 667 N pre-load was applied to settle the supports. The load 
head was then aligned on the specimen to ensure it was at midspan and was spanning 
across the entire width of the specimen. Loading then commenced with the Instron using 
relative ramp and the before mentioned displacement rate of 1.52 mm/min. Each 
specimen was loaded until maximum failure. An example of a lay-up C, major strength 
direction shear specimen under load can be seen in Figure 7.4.  
 
Figure 7.4: Lay-up C major strength direction shear specimen during load application. 
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 After specimen failure, load application was ended and data acquisition was 
stopped for the string potentiometers and ARAMIS. The maximum load, time to failure, 
failure and maximum midspan string potentiometer deflections, failure mode and 
location, and manner in which failure occurred were then recorded and pictures taken of 
the specimen failure. After removing each broken specimen from the test fixture, a 105 
mm x 305 mm x 25.4 mm cross-sectional slice was cut from the specimen. The 
dimensions and weight of each cross-sectional slice were recorded. Each slice was then 
labeled with the date tested and its corresponding specimen label and oven dried at 105°C 
for at least 15 days. Once dried, each specimen cross-sectional slice was weighed again 
and the moisture content and specific gravity were obtained.  
7.2.3.4. Testing Procedure Issues and Adjustments 
 During shear testing, the test setup was changed after the fourth of twenty-four 
specimens. This was due to an issue with the actuator, where the load rate changed after a 
certain load was achieved, causing a sudden increase in load and deflection. This 
occurred for three shear specimens, which were not included in the data analysis since a 
constant load rate was not achieved. The shear testing was moved to a different actuator 
with the same capacity. The same supports, load head, load rate, instrumentation and 
testing process were used. An additional trial specimen was tested before the shear tests 
were continued.  
 Additionally, having the ARAMIS cameras directed at a horizontal and 
downward vertical angle was not ideal; however this was the best possible positioning 
due to space conflicts inherent to the setup. This method was proven to be adequate, 
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however having the ARAMIS cameras perpendicular and in line with the side section of 
the specimen would have been easier and was recommended.  
7.3.  Results and Discussion 
 Table 7.2 summarizes the sample size used for data analysis for each set of 
flexure specimens corresponding to lay-up and strength direction.  
Table 7.2: Three-Point Bend Test Lay-up Configurations and Sample Sizes 
Top Core Bottom Lay-up n 
SPF SPF SPF A 6 
LSL LSL LSL C 51
SPF LSL SPF E 6 
Solid LSL F 41 
Note:  1 Excludes beams where an actuator malfunction occurred, which caused a 
temporary increase in load rate during load application.  
 
7.3.1. Stresses and Failure Modes 
 For each specimen, the maximum bending and shear were determined. The 
maximum bending stress was calculated using equation 7.1 by dividing the maximum 
moment by the effective section modulus. The maximum moment for three-point bending 
and the effective section modulus were calculated per equations 7.2 and 7.3, respectively. 
In equation 7.3, effective section modulus was that for a transformed section, with the 
effective depth being the distance between the extreme fibers of the longitudinal layer(s).  
 ߪ௕ ൌ ெ೘ೌೣௌ೐೑೑  (7.1) 
 ܯ௠௔௫ ൌ ௉೘ೌೣ௅ସ  (7.2) 
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 ܵ௘௙௙ ൌ ଶூ೟ೝ௛೐೑೑ (7.3) 
Where: 
b = Bending Stress (Pa) 
Mmax = Maximum moment (N-mm) 
Seff = Effective Section Modulus (mm3) 
Pmax = Maximum load applied (N) 
L = Span length (mm) 
Itr = Transformed Moment of Inertia (mm4) 
 The maximum shear stress was determined using equation 7.4 by dividing the 
maximum shear by the effective shear area, with the maximum shear being of half of the 
maximum load applies for three-point bending. The effective shear area was calculated 
using equation 7.5 per Chapter 3 of the U.S. CLT Handbook (FPInnovations & Binational 
Softwood Lumber Council, 2013). In Eq. 7.5, EIeff is the estimated elastic stiffness of the 
section per lay-up and strength direction. 
 ߬௠௔௫ ൌ ௠ܸ௔௫ ቀொூ௕ቁ௘௙௙ (7.4) 
 ቀொூ௕ቁ௘௙௙ ൌ
∑ ா೔௛೔௭೔
೙
మ೔సభ
ாூ೐೑೑  (7.5) 
Where: 
max = Shear stress (Pa) 
Vmax = Maximum shear load (N) 
(Q/Ib)eff = Inverse of the effective shear area (1/mm2) 
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E = Elastic modulus (Pa) 
h = Layer depth (mm) 
z = Distance to the neutral axis (mm) 
EIeff = Effective elastic stiffness (Pa) 
 The average values and coefficient of variation (COV) determined for the 
maximum bending stress, maximum shear stress and failure modes for lay-ups A, C, E 
and F in the major strength direction are summarized in Table 7.3. Note that the stresses 
were corrected to a specimen width of 305 mm by multiplying the applied load by the 
ration of 305 mm over the actual width and adjusted to a moisture content of 12% 
according to ASTM D1990 Section A1 (ASTM, 2014).  
Table 7.3: Summary of the Major Strength Direction Short Span Three-Point Bending 
Stress Results 
Lay-up Avg. b (MPa) COV (%) 
Avg.  
(MPa) COV (%) 
Failure 
Mode 
A 26.7 10.3 2.03 10.9 Shear 
C 33.1 4.6 2.61 4.7 2 Shear, 4 Tension 
E 38.1 13.3 2.96 10.3 Shear 
F 45.0 2.6 4.82 3.4 5 Tension, 1 Shear 
 
 From these results, the average shear stress was found to be the lowest for lay-up 
A, when SPFs was used in the core layer. Lay-ups C and E had LSL in the core layer and 
both produced higher shear stresses at failure, 29% and 46% higher, respectively, than 
lay-up A, indicating that LSL was stronger than SPFs in perpendicular to grain shear. 
Typical shear failures in the core layer for lay-ups C and E are shown in Figures 7.5 and 
7.6, respectively. Lay-up E resulted in higher shear stresses than lay-up C because lay-up 
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C specimens failed in tension in the bottom face layer four out of six times. A typical 
tension failure for lay-up C can be seen in Figure 7.7. Signs of failure in tension were 
also seen in the lay-up C specimen shown in Figure 7.6. This was a result of the 
specimens achieving their maximum bending stress capacity prior to the shear stress. In 
comparison with the data from the four-point bending tests where flexure failures were 
induced, lay-up C produced approximately the same average bending stress. The increase 
in bending strength from the SPFs in the face layers for lay-up E allowed the specimens 
to fail in shear.  
 
Figure 7.5: Lay-up E shear failure in three-point bending.  
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Figure 7.6: Lay-up C shear failure in three-point bending.  
 
Figure 7.7: Lay-up C tension failure in three-point bending.  
 Similarly, lay-up F, solid LSL, failed in tension in the bottom extreme fiber five 
out of six times. Lay-up F had an average shear stress at failure that was 63% higher than 
in lay-up E where LSL boards were used in the core. The average bending stress found 
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for lay-up F was 12% higher than measured during the four-point bending tests and 36% 
higher than lay-up C where LSL boards were used in each layer. A typical lay-up F 
failure in tension can be seen in Figure 7.8.  
 
Figure 7.8: Lay-up F tension failure in three-point bending.  
 From the results of lay-up A, the average shear stress at failure was 61% higher 
than the average maximum shear stress determined from the four-point bend testing. 
Recall that each major strength direction lay-up A specimen failed in shear during four-
point bending. The decrease in average shear stress for the flexure specimens was most 
likely due to both the bending and shear stresses attributing to the maximum shear 
failure. Figure 7.9 shows a typical lay-up A shear failure. Additionally, note that the 
coefficients of variation were higher for the lay-ups including SPFs, A and E, which was 
due to the variability of wood.  
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Figure 7.9: Lay-up A shear failure in three-point bending.  
7.3.2. Wood Handbook Stress Comparison 
 Lay-up A, the all SPFs CLT lay-up, consistently failed in shear in the core layer 
in the major strength direction. The primary wood species of the SPFs No.2 and better 
lumber used appeared to be Red Spruce. While the NDS provides strength properties for 
the SPFs wood species grouping, a more precise comparison was desired. From the 
tabulated mechanical properties of varying wood species in the Wood Handbook, the 
shear parallel to grain strength for clear and straight grained Red Spruce at 12% moisture 
content is 8.9 MPa with a typical coefficient of variation of 14% for shear parallel to 
grain (Forest Products Laboratory, 2010). However, the core layer for CLT was 
transverse, and therefore the shear failures were shear perpendicular to grain or rolling 
shear. The Wood Handbook, based on limited tests data, gives rolling shear strength as 
18-28% of parallel to grain shear strength (Forest Products Laboratory, 2010). Using 23% 
for the conversion, the rolling shear strength of clear and straight grained Red Spruce was 
estimated as 2.05 MPa. In comparison to the average maximum shear stress determined 
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through short span three-point bend tests for lay-up A, having SPFs in the core layer and 
failed in shear, the shear stress was 1% lower than the Wood Handbook value for Red 
Spruce. The CLT used SPFs No.2 and better and contained other species such as Balsam 
Fir, whereas the Wood Handbook gives properties for clear and straight grained Red 
Spruce. This may contribute to the lower-than-expected shear stress for lay-up A, 
although the difference of only 1% is negligibly small for practical purposes. 
7.4. Conclusions 
 Similar to the findings from the four-point bend tests, LSL was found to be the 
stronger core layer material for shear for the three-point bending test configuration. This 
was shown by an increase of 46% in shear stiffness in the major strength direction 
between lay-ups E (SPFs-LSL-SPFs) and A (SPFs-SPFs-SPFs). On the other hand, SPFs 
was found to be the stronger face layer material for bending. This response was exhibited 
by comparing lay-up C (LSL-LSL-LSL), which had tension failures, with lay-up E, 
which failed in shear in the LSL core layer. The added bending strength of the SPFs 
allowed the lay-up E specimens to achieve 13% higher shear stresses and induce shear 
failure perpendicular to grain in the LSL. Lay-up E produced the highest maximum shear 
stress results amongst the CLT lay-ups tested in the major strength direction, but was 
63% lower in shear stress than the full depth longitudinal LSL, lay-up F.  
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CHAPTER 8 
CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK 
8.1. Conclusions 
8.1.1. Proposed Research Objective and Summary 
 The objective of this research was to conduct a technical assessment of the 
engineering properties of CLT made from local Northeastern (SPFs) lumber, LSL and 
hybrids made from both LSL and SPFs. The technical assessment provided bending and 
shear strength and stiffnesses values for select CLT configurations, which were used to 
determine the feasibility of using local Northeastern lumber and LSL in CLT. 
Experimental lay-up designs were developed for six three-layer CLT configurations 
consisting specifically of SPF (South) No.2 and better and 1.35E LSL. Preliminary shear 
block tests were run to determine the optimal adhesive spread rate and a board 
characterization was conducted to determine the quality of the materials with regards to 
modulus of elasticity. Seven 105 mm x 1.3 m x 2.45 m panels, five in the major strength 
direction and two in the minor, per CLT lay-up configuration were then manufactured by 
hand. Specimens cut from two major strength direction panels and two minor per lay-up 
were tested in four-point bending and short span three-point bending. From four-point 
bending test results, the average maximum bending and shear stresses, elastic stiffness 
and shear stiffness were determined for each lay-up for both directions. From the short 
span three-point bending test results, the average maximum shear and bending stresses 
for lay-ups A, C, E and F in the major strength direction were determined. After 
comparing the CLT grades specified in ANSI/APA PRG 320, it was concluded that SPFs 
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and LSL are feasible materials for use in CLT (American National Standard Institute & 
APA - The Engineered Wood Association, 2012). 
8.1.2. Manufacturing Conclusions 
 Overall, the quality of the CLT panels manufactured met the requirements laid out 
in ANSI/APA PRG 320-2012 (American National Standard Institute, & APA - The 
Engineered Wood Association, 2012), with the exception of one lay-up A (SPFs-SPFs-
SPFs) major direction panel, which had a gap in the face layer that was 4.8 mm wide. The 
application of side pressure with pipe clamps and ratchet straps was essential to limiting 
gaps between boards and made the process of transferring panels into the press easier. In 
addition, selecting boards that had minimal warp, twist or bowing allowed for smaller 
gaps and less layer movement while the boards were pressed. CLT panels that contained 
LSL layers were found to take less time to manufacture and had consistently fewer and 
smaller gaps in those layers. This was due to the uniformity of LSL, an engineered SCL. 
In comparing the use of LSL boards and sheets to manufacture CLT, LSL sheets took just 
over half the time to assemble prior to pressing.  
 Some recommendations for manufacturing CLT by hand and observations based 
on the fabrication of panels for this project are as follows: 
 Limit the amount of warped, twisted, or bowed boards used, as they shift the 
layers during pressing, which causes board gaps and add time to adhesive 
application by not having a relatively flat surface. 
 Applying side pressure greatly reduces the number and width of board gaps in the 
face layers. 
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 Adhesive should be applied as soon as possible after lumber has been planed to 
ensure the best bond possible. When using an SCL such as LSL in CLT, spritzing 
the boards with water prior to adhesive application creates a fresh surface and 
allows for the adhesive to be spread more easily. 
 An assembly line method is recommended for the lumber preparation and lay-up 
processes. 
 During pressing, it was beneficial to have access to at least two sides of the panel 
being pressed, as the layers are susceptible to sliding, especially in the core where 
wet adhesive is present both above and below the layer. 
 Manufacturing CLT by hand could be streamlined by using an adhesive extruding 
machine to apply the adhesive, which would also create a more uniform spread 
rate across the panel. 
8.1.3. Four-Point Bending Test Conclusions 
 From the testing results, LSL was found to be stronger than SPFs in 
perpendicular-to-grain shear, as was shown by increased shear stiffness values in the 
major strength direction when LSL was the core layer material. SPFs was found to be the 
stronger material in bending, as was shown by increased elastic stiffness values in the 
major strength direction when used in the face layers and in the minor strength direction 
when used in the longitudinal core layer. Higher elastic stiffness values in the minor 
strength direction were also found with the use of LSL in the face layers. The use of LSL 
sheets instead of boards resulted in a 7% higher effective elastic stiffness in the major 
strength direction and 256% higher in the minor strength direction. The increase in minor 
direction effective elastic stiffness came from the absence of joints in the bottom face 
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material. Solid LSL was found to be stiffer in the major strength direction than LSL CLT, 
but was 17% less for effective elastic stiffness in the minor strength direction than the 
sheet LSL CLT, lay-up D, which had longitudinal LSL in the core.  
 In the major strength direction, lay-up E (SPFs-LSL-SPFs) produced the highest 
shear stiffness and apparent elastic stiffness, the second-highest effective elastic stiffness, 
and the greatest bending in four-point bending. By using LSL in the core with SPFs in the 
faces, the maximum bending stress was increased by 23% compared to when SPFs was 
used in all three layers. Further, the LSL core eliminated the shear failures that dominated 
the all-SPF major strength direction specimens. Lay-up E exceeded the design 
mechanical properties of CLT grade E1 in PRG 320-2012 (American National Standard 
Institute & APA - The Engineered Wood Association, 2012). These are significant 
results, indicating that the selective use of LSL in hybrid SPFs-LSL-SPFs panels can 
enhance panel stiffness and strength. In the minor strength direction, lay-up D (LSL-LSL-
LSL), which consisted of sheets of LSL, produced the highest elastic stiffness values and 
exceeded the design mechanical properties of CLT grade V2 in PRG 320-2012 
(American National Standard Institute & APA - The Engineered Wood Association, 
2012).  
 In conclusion, three-layer CLT configurations consisting of SPFs, LSL and 
combinations of the two produced bending and shear stiffnesses in the major strength 
direction and bending stiffnesses in the minor strength direction exceeding those of the 
CLT design grades. Therefore, it was concluded that both SPFs and LSL are feasible 
materials for use in CLT and further research and development into their use in CLT is 
warranted. 
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8.1.4. Short Span Three-Point Bending Test Conclusions 
 Similar to the findings from the four-point bend tests, LSL was found to be the 
stronger core layer material for shear for the three-point bending test configuration. This 
was shown by an increase of 46% in shear stiffness in the major strength direction 
between lay-ups E (SPFs-LSL-SPFs) and A (SPFs-SPFs-SPFs). On the other hand, SPFs 
was found to be the stronger face layer material for bending. This response was exhibited 
by comparing lay-up C (LSL-LSL-LSL), which had tension failures, with lay-up E, 
which failed in shear in the LSL core layer. The added bending strength of the SPFs 
allowed the lay-up E specimens to achieve 13% higher shear stresses and induce shear 
failure perpendicular to grain in the LSL. Lay-up E produced the highest maximum shear 
stress results amongst the CLT lay-ups tested in the major strength direction, but had a 
63% lower shear strength than the full depth longitudinal LSL, lay-up F.  
8.2. Recommendations 
 During CLT manufacturing, boards should be selected based on condition in order 
to reduce board gaps and increase bending strength and stiffness. Overall, lay-up E was 
the best performer, exhibiting the strongest and second stiffest major bending behavior, 
greatest shear stiffness in the major direction and second largest shear strength after the 
solid LSL. Lay-up E also exceeded the requirements for elastic stiffness for the E1 CLT 
grade in the minor strength direction, and therefore is recommended for further 
development.  
 Plate testing of each CLT lay-up in two-way bending is recommended in order to 
determine each lay-up’s bi-axial response to load application. LSL sheets are 
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recommended opposed to LSL boards because of reduced manufacturing time and higher 
elastic stiffness and bending strength in both strength directions due to the absence of 
joints in the bottom face material. LSL sheets are recommended for use in the core 
layer(s), where shear perpendicular to grain is present. The high perpendicular to grain 
strength of the engineered SCL in relation to typical lumber can enhance panel stiffness 
and strength.  
8.3. Recommendations for Future Work 
 Based on the findings from this research, there are multiple recommended future 
research topics. The first is a feasibility study on the use of LSL in CLT and a cost 
comparison between using LSL or SPFs. Further testing to determine the perpendicular to 
grain shear strength of LSL would be useful for the incorporation of LSL into CLT 
designs. Further testing should be done on the six lay-up configurations that were 
analyzed in this research as CLT plates, which would give data on the mechanical 
properties and strengths of each lay-up in bi-axial bending.  
 Three of the seven major strength direction 105 mm x 1.3 m x 2.45 m CLT panels 
manufactured for each of the six lay-ups remain uncut and untested. Therefore, it is 
recommended that the 18 remaining CLT panels be used for a one year research project 
to assess the bi-axial response of CLT based on plate testing. In practice, CLT is used as 
a plate and therefore the mechanical properties in bi-axial bending would be more 
valuable. In addition, research is recommended to determine the creep performance of the 
six CLT lay-ups, which would require the manufacture of new CLT panels.  
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 The following are additional lay-up configurations that may have promising 
properties, and which could be investigated to determine strength and stiffness 
performance. 
1) Using a lower grade SPFs in the top face, LSL in the core and a higher grade 
SPFs in the bottom face could increase the maximum bending strength, elastic 
stiffness in the major strength direction in comparison to lay-up E. Note this 
would be a non-symmetric lay-up, which would require proper labeling and 
handling specifications to prevent reverse placement.  
2) Using a lower grade SPFs in the top face, LSL in the core and a higher grade LSL 
in the bottom face could increase the maximum bending strength, elastic and 
shear stiffness in the major strength direction in comparison to lay-ups C and E. 
In addition, the same lay-up with SPFs in the core for comparison could be tested. 
Note this would be a non-symmetric lay-up, which would require proper labeling 
and handling specifications to prevent reverse placement. 
3) Using an LSL sheet in the top face, SPFs in the core and an LSL sheet in the 
bottom face could increase the elastic stiffness in the minor strength direction of 
lay-up B.  
4) Using a higher grade LSL sheet in the top face, lower grade LSL sheet in the core 
and a higher grade LSL sheet in the bottom face could increase the maximum 
bending strength, elastic and shear stiffness of all-LSL CLT panels in in both 
strength directions. 
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5) Using higher grade LSL (1.55E and 1.75E) in each of the six CLT lay-ups 
described in this research containing LSL could increase the bending strength and 
elastic stiffness of the lay-ups in comparison to the use of 1.35E LSL.  
6) Laying up CLT with the layers at an angle of 45 degrees in the face layers and -45 
degrees in the core, as opposed to 0 degrees (parallel) in the faces and 90 degrees 
(perpendicular) in the core. This could add shear stiffness in the minor strength 
direction by the core.  
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